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ABSTRACT 
 
The main objective of this research is to establish ultrashort pulsed laser in micro-
drilling of fuel injector nozzles. The design of the internal nozzle flow is 
fundamental for the spray development and therefore, in the air–fuel mixing and 
combustion processes due to the increasing concern for environment protection.  
 
Currently, micro-EDM is used to drill micro-holes for fuel injector nozzles. 
Anyhow this consolidated process is recently facing new challenges which mainly 
concern the flexibility in changing the hole geometry and the decrease in process 
time. Laser based techniques are now in attention as alternative to micro-EDM. 
The aim is to see whether a particular drilling technique other than EDM is able to 
fulfill the requirement of flow stability and atomization of the spray. This implies 
evaluating how the surface texture is varying as a function of process parameters 
and compare the conventional drilling technique with other available alternatives 
from the point of view of surface quality, edge sharpness and the surface 
microstructure. Concerning holes characterization, the Scanning Electron 
Microscopy (SEM) technique allows a rapid survey of large sample areas, but it 
does not reveal the depth of defects and the three dimensional (3D) surface textures 
of machined specimens. Therefore, it is needed to find out a reliable and robust 
measuring technique to acquire 3D topography of the drilled surfaces yielding a 
better understanding of the size, shape and distribution of peaks and valleys along 
with their dependence on the adopted process parameters.  
 
Based on the correlation between surface texture and process parameters obtained 
by experimental study, a drilling strategy is proposed with the aim to reduce coking 
deposition to avoid the risk of nozzle clogging.  
 
Finally, as a part of fabrication of efficient fuel injector, the dissimilar welding of 
stainless steel is studied and analyzed to develop weld bead without surface 
defects.    
 
 
 
 
 
 
iv 
 
SOMMARIO 
 
L’obiettivo principale di questa ricerca è affermare la tecnologia laser ad impulsi 
ultracorti per la foratura di iniettori. La geometria dei fori è fondamentale per lo 
sviluppo dello spray, nello specifico, per il mescolamento tra aria e combustibile e 
per la combustione, aspetti di crescente interesse da un punto di vista ambientale. 
 
Ad oggi, i fori degli iniettori vengono realizzati mediante micro-EDM. 
Recentemente è stata accolta la sfida di variare la geometria del foro e diminuire il 
tempo ciclo. In questo senso le tecniche laser si configurano come soluzioni 
alternative al micro-EDM. L’obiettivo è quello di verificare se una tecnica di 
foratura diversa dall’EDM è in grado di rispettare tutti i requisiti di stabilità del 
flusso e atomizzazione dello spray.  Questo rende necessario valutare come varia la 
microstruttura della superficie, in funzione dei parametri di processo e confrontare 
la tecnica di foratura standard con  le tecniche alternative, dal punto di vista della 
qualità superficiale, dello spigolo e della microstruttura della superficie. 
 
Una nuova tecnica di misura, affidabile e robusta, è stata sviluppata per acquisire la 
topologia della superficie del foro, al fine di comprendere meglio la correlazione 
tra la dimensione, la forma e la distribuzione spaziale dei picchi e delle valli e i 
parametri di processo. La microscopia a scansione elettronica (SEM), infatti, 
permette di analizzare velocemente estese aree dei provini ma non consente di 
analizzare la profondità dei difetti e la struttura tridimensionale della superficie.  
 
L’attività sperimentale ha mostrato una correlazione tra la struttura della superficie 
e i parametri di processo, sulla base della quale è stata proposta una nuova tecnica 
di foratura volta a ridurre la deposizione per scongiurare il rischio di intasamento 
dell’iniettore.  
 
Infine, si è studiato e analizzato un diverso processo di saldatura di acciaio 
inossidabile con l’obiettivo di ottenere un giunto senza difetti superficiali. 
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1.1 PREFACE 
Laser Beam Machining or more broadly laser material processing depends on the 
interaction of an intense, highly directional coherent monochromatic beam of light 
with a workpiece, from which material is removed by vaporization. Unique 
advantages are offered by the use of laser tools such as, the excellent spatial 
resolution, a good degree of flexibility, and the inherently true non-contact and no 
tool wear machining due to the use of an immaterial beam. Therefore, laser is used 
in every section of modern society, including consumer electronics, information 
technology, science, medicine, industry, entertainment, and the military. 
Particularly, laser machining deals with machining and material processing like 
heat treatment, alloying, cladding, sheet metal bending, welding, cutting, drilling 
etc.  
 
This chapter tries to clarify the various background issues concerning the laser 
based processes in modern production system like laser drilling and welding in 
automotive industry. This chapter deals in more detail with the laser material interaction 
of short and ultrashort pulsed lasers. 
 
1.2 GASOLINE DIRECT INJECTION (GDI) NOZZLES 
Modern engines for automotive applications are powered by direct injection 
systems. In those systems fuel injector devices are designed for directing and 
optimizing the fuel flow into the combustion chamber. The fuel is forced through 
the injector nozzles under high pressure forming a liquid core which is then 
broken-up and atomized into a spray. The increasing concern for the environment 
protection has put the reduction of the pollutants and fuel consumption among the 
most important challenges for modern engines. Many of the improvements in this 
sense are related to the advances in fuel injection systems. Fuel injection system 
has a significant effect on the mixture formation and its homogeneity. Excessive 
fuel spray penetration in the combustion chamber can potentially create a pool of 
liquid fuel on top of the piston causing a diffusion flame that generates excessive 
particulate emissions. The diffusion flame is eventually caused by the deposits 
forming on the injector tip which can accumulate and absorb fuel. “Diffusion 
flame” refers to the bright flame luminosity associated with the appearance of a 
fuel-rich heterogeneous combustion that is observed in the vicinity of the injector 
tip, during (or after) the final phase of completion of the normal combustion event 
(between 20° and 80° crank angle after TDC). Thus, diffusion flame is being 
associated with injector tip deposit and is a source of particulate emissions from 
GDI homogenous combustion under hot engine operation [1]. The design of the 
internal nozzle flow is therefore, fundamental for the spray development and 
therefore in the air– fuel mixing and combustion processes.  
 
Today's GDI nozzles are typically of the multi-hole design as shown in fig. 1.1. 
The nozzle holes are arranged in a circular pattern on a diameter which is smaller 
than the valve/seat seal diameter. The flow holes have specific aspect ratio 
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(thickness/hole diameter) ratio and is protected by a counter bore (CB) as shown in 
fig. 1.1. The hole diameter (d) is determined by the required flow rate of the nozzle 
and the number of holes. The counter bore diameter (D) is determined by a 
combination of spray penetration and coking performance testing. The geometry of 
the counter bore can affect the spray penetration, and its effectiveness to protect the 
hole from coking. 
 
Fig. 1.1: Fuel injector nozzle with counter bore and spray hole. 
 
In order to improve the atomization of the sprays and the mixing process, modern 
gasoline direct injection (GDI) engines work at high injection pressures. The use of 
injection pressures up to 30 MPa brings the fuel at high velocity flowing through a 
contraction below the saturation pressure. Under these conditions the liquid starts 
to cavitate and a local change of state from liquid to vapour favours an increase in 
the spray cone angle, which is expected to improve the air–fuel mixing process [2]. 
Therefore, individual plume targeting is adjusted to match a specific combustion 
chamber layout to achieve good mixture formation and avoid impingement with 
the spark plug, valves and cylinder walls.  
 
1.3 LASER 
A laser (LASER= Light Amplification by Stimulated Emission of Radiation) is a 
device that emits light (i.e., electromagnetic radiation) through the process of 
stimulated emission. The first radiating laser was built by Maiman in 1960 [3]. 
Light moves through space as a wave, but when it encounters matter it behaves like 
a particle of energy, a photon. An important property of light is that it has no 
volume, photons have no charge, so when concentrated into a very small space, 
they do not repulse each other like negative charged electrons do. Laser can be 
classified in following types based on lasing medium [4]. 
 
(i) Gas lasers (e.g., CO2, excimer) 
(ii) Liquid lasers (organic liquid dye) 
(iii) Solid state lasers (e.g., Nd-YAG, Ti:sapphire, fibre laser) 
(iv) Semiconductor laser (e.g., quantum cascade lasers, diode laser) 
(v) Free electron laser (FEL) 
 
A
A
NOZZLE
COUNTERBORE
SPRAY HOLE
Section A-A
Length, L
Diameter, D
Laser/Electrode
Fuel
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A laser can radiate either in continuous wave (cw) mode or in pulsed mode. The 
first operating laser was a Ruby laser [3], i.e., a solid state laser. In case of solid 
state laser the population inversion is produced by optical pumping. Semiconductor 
lasers use a voltage/current to invert the state occupancy, while in gas laser the 
inversion is obtained by gas discharge. In particular, the excimer laser (excimer = 
excited dimer) is a pulsed, high pressure gas laser, using a noble gas– halogen 
mixture [5]. FELs use relativistic electrons as lasing medium and they provide the 
widest spectral tunability. The main properties of laser radiation are [6]- 
 
 the high brightness (i.e., power emitted per unit surface area per unit solid 
angle),  
 high mono-chromaticity (i.e., extremely narrow bandwidth),  
 minimal divergence, and  
 high spatial and temporal coherence.  
 
The aforesaid properties are the reasons for the high focus-ability of laser radiation, 
which leads to the production of large irradiances (up to 1021 W/cm2), enough to 
evaporate any material or even to start a nuclear fusion reaction [7].  
 
The temporal structure of pulsed lasers depends on the specific lasing process, 
while it can range from milliseconds to femtosecond with the mode-locking 
technique. The pulse duration is relatively an important parameter for laser 
processing of metals. The spatial energy distribution in the laser beam is mainly 
depending on the geometry of the laser resonator, on the mirrors and on the 
extraction optics [8, 9]. Best focus-ability is given at low Transversal 
Electromagnetic radiation Modes (TEM00, i.e., Gaussian), while for surface 
treatments a top-hat profile is preferred in order to achieve a homogeneous 
treatment.  
 
1.4 LASER MATERIAL INTERACTIONS, SHORT AND 
ULTRASHORT 
Pulse duration is one of the governing parameter for laser material interaction. 
There has been a constant improvement to shorter pulse durations since the 
invention of laser. Only a few years ago the pulse duration which was termed as 
short pulse, is now termed as long pulse. Therefore, it is needed to define what is 
short from the view point of laser.  
 
As very short time is expressed in light distances, the very long distances can be 
expressed in light-years i.e., the distance a light wave or a photon travels during 
that short time. The distance for 100 fs pulse is only 30 µm. In fig. 1.2, the laser 
machining processes are shown with respect to the light distances or interaction 
time. For very short femtosecond pulses the light distance is in the order of the 
wavelength of the light [10]. 
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Fig. 1.2: Overview of laser machining processes. The ‘conventional’ laser 
processes are found around the line of 1 kJ/cm2. The dotted line indicates the melt 
boundary of metal. Ultrashort processes require less energy per square centimeter 
in general. 
 
The difference between short and ultrashort pulse can be discussed from the 
viewpoint of the material. The material is subjected to a beam of photons coming 
from outside and in about 1 fs (10−15 s) is absorbed in a skin layer by free electrons. 
During the time period of 1 fs the energy is stored in the electrons, after 1 ps 
(10−12s), as termed the relaxation time of electrons, the energy is converted into 
heat [10]. 
 
The intensity of the incoming beam is expressed by I0. The decrease of the laser 
intensity in the depth is given by  
ܫ௫ ൌ ܫ଴		௘షഀೣ    (1) 
 
where α is optical absorptivity of the material and x the depth into the material. An 
important quantity is the penetration depth δ (δ = 2/α) in which almost all laser 
energy is absorbed. This optical penetration depth is for metals in the order of 10 
nm. It implies that the laser energy heats a 10 nm thick layer of metal in 1 ps. This 
heat diffuses from that skin layer to the bulk. The diffusion depth is expressed by  
݀ ൌ √4ܽݐ                   (2) 
 
with a as the thermal diffusivity and t the diffusion time. In case of steel, in 10 fs a 
diffusion depth of 1 nm is obtained while during a 1 ps pulse the heat diffuses over 
10 nm. i.e., 
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• in 1 ps laser energy is converted energy into heat, 
• the conversion takes place in a 10 nm thick skin layer, 
• for 1 ps the diffusion depth is also 10 nm. 
 
From these results a pulse is considered as ultrashort when the (thermal) diffusion 
depth during the pulse is in the same order or less than the skin layer depth (optical 
penetration depth). The optical penetration depth depends on the material and the 
laser wavelength. The diffusion depth depends on the material properties. In 
general, pulses shorter than 1 ps are considered as ultrashort for metals [10]. 
 
1.5 PHENOMENA OF BEAM MATTER INTERACTION 
In optics it is considered that generally photons or electromagnetic radiation 
interacts with matter. The laser has matured into a versatile light source. New 
opportunities for probing deeply into variety of optical phenomena related to both 
photons and waves are opened up by the advancement of laser.  In order to set up a 
structuring or mapping of the relation between well known phenomena and the 
radiation properties which cause them is still challenging. Experimental diagnosis 
and theoretical analysis both suffer from the complication that the properties of 
laser radiation as well as the response of the material are dependent, at the very 
least, on time, space and energy. In addition to that pulse parameters such as pulse 
energy and pulse duration, as well as the spatial and temporal shape of the pulse, 
cannot be chosen independently but depend on the technical set-up of the radiation 
source and the dynamics of laser light generation. The details of the radiation 
properties become relevant to the interpretation of laser-matter interaction as stated 
in [11] is the so-called pedestal pulse following the main laser pulse. As a 
consequence of the pedestal pulse, the action of the main fs-pulse, which might be 
related to the processing domain referred to as “Cold Ablation” (Fig. 1.3) 
characterized by spallation, is obscured by the action of the longer ps-pedestal 
related to the processing domain known as “Hot Ablation” which mainly causes 
evaporation. 
 
Different phenomena take place simultaneously in different spatial regions as well 
as overlapping with respect to time and energy, it remains a challenge to 
distinguish the particular contribution of the different phenomena to the overall 
action of the laser pulse. However, there are selected parameter settings where only 
a small number of physical phenomena contribute; they can be distinguished by 
only four parameters, namely the photon energy, the energy flow density ε [J· 
ms−1· m−3]often called intensity I [Wm−2] and the temporal and spatial extent of 
interaction often addressed as pulse duration and beam radius. Beam-matter 
interaction can be classified into different domain based on pulse duration and 
intensity as described [12]. 
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1.5.1 Physical domains- map of intensity and pulse duration 
The interaction of radiation with matter in general takes place via excitation of 
electrons leading to polarization and ionization of atoms, molecules or condensed 
matter. Three physical domains namely, cold ablation, hot ablation and melt 
expulsion distinguished by the corresponding time scales of their activation are 
shown in fig. 1.3.  
 
 
Fig. 1.3: Mapping of the three different physical domains – Cold Ablation, Hot 
Ablation and Melt Expulsion – with respect to the corresponding time scales. The 
ablation threshold (solid line), the maximum available pulse energy (grey) and the 
threshold for the critical state (dashed) of matter are indicated qualitatively. For 
long pulse durations the radiation also interacts with the ablated material in the 
gaseous phase (plasma threshold, dotted line). Typical time scales for 
thermalization of electrons τe, relaxation of phonon temperature tph, for kinetics in 
the Knudsen layer approaching a quasi-steady state tkn and the onset of fully 
developed melt flow tin limited by inertia are given [12].  
 
1.5.1.1 Cold ablation 
Cold Ablation is characterized by beam-matter interaction taking place primarily in 
the condensed state. The dynamics of subsequent ablation is governed by pure 
kinetic properties. Thermalization of the photon energy absorbed by the electrons 
takes place. This leads to a thermodynamic equilibrium in the electron system and 
establishes an electron temperature Te. For pulse durations tp smaller than tp < 100 
fs absorption of radiation initiates the processing domain called “Cold Ablation” 
(see Fig. 1.3). In “Cold Ablation” the absorption of laser light by electrons and 
thermalization – first between the electrons and later in the phonon system – are 
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almost terminated while the matter remains in the condensed state. A few 
picoseconds later the phonon temperature rises and ablation of hot matter starts to 
take place. The time scale τe for relaxation of energy in the electron system can be 
related to the final temperatures Te and Tph which the sub-systems of electrons and 
phonons are approaching during thermalization [13, 14]. 
 
߬௘ ൌ ൫߬௘ି௘ିଵ ൅ ߬௘ି௣௛ିଵ ൯ିଵ ൌ ሺܣ߬௘ଶ ൅ ܤ߬௣௛ሻିଵ  (3) 
The constants A and B are related to the electron-electron and electron-phonon 
collision frequencies, νe−e = A Te 2, νe−ph = B Tph.  
 
Molecular dynamic calculations for an fs-pulse [15] and a ps-pulse [16] showed 
that matter passes through one of at least four different possible paths in the 
physical phase space during beam-matter interaction as shown in fig. 1.4.  
 
Fig. 1.4: Depending on the energy absorbed, the dynamics of the matter volume 
follows four different paths in the physical phase space indicated by (1) spallation, 
(2) nucleation, (3) fragmentation and (4) vaporization. 
 
Near the ablation threshold, spallation (1) is observed in the calculations, not only 
for fs-pulses [15] but also for ps-pulses [16]. In spallation no gaseous phase is 
involved, while the thermo-mechanical load exceeds the yield stress of the material 
and removal like spalling of a thin metal disk is observed. The nucleation (2) path 
goes through the liquid phase as well as through the coexistence of a liquid-solid 
phase, and ends in the coexistence of a liquid-gas phase. Employing a 
phenomenological interpretation, nucleation is characterized by the development of 
vapor bubbles in homogeneously boiling molten material. For the last two ablation 
mechanisms, fragmentation (3), and vaporization (4), ablation occurs outside the 
liquid-solid and liquid-vapor-coexistence regions, having the effect that the mass is 
separated from the surface just before relaxation to thermodynamic equilibrium 
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becomes noticeable. The two paths are differentiated by cluster formation, which 
takes place in fragmentation (3) and is absent in vaporization (4). 
 
1.5.1.2 Hot ablation 
Hot Ablation regime starts while the phonon system approaches local 
thermodynamic equilibrium with the initially heated electron system. The radiation 
interacts with both condensed and gaseous matter. For pulse durations around tp = 
100 ps absorption of radiation initiates the processing domain called “Hot 
Ablation” (Fig. 1.3). Electron Te and phonon Tph temperatures are well defined 
thermodynamic parameters. Relaxation towards a common temperature T = Tph = 
Te for electrons and phonons as well as the formation of a dissipative heat flux are 
the main physical effects encountered. In general, the initial heat flux Qe of the 
electrons is much smaller than the spatial change Qe ‹‹−λe∇Ue/Ce ∞∇Te of the 
energy Ue absorbed by the electrons. The dynamics involved by analyzing the 
hyperbolic two-temperature model is discussed by Kostrykin et al. [13].  
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Here the absorption of the laser radiation is described by the term I0A0 f(t) δ e− δ z, 
where I0f(t) is the time-dependent intensity of the radiation, A0 = 1 − R0 is the 
degree of transmission at the surface related to the degree of reflection R0, and δ −1 
is the penetration depth of the laser radiation. The thermal diffusivity of the 
phonons can be neglected compared to the electron diffusivity, λph/Cph ‹‹λe/Ce. The 
main questions arising from above equations are related to the time scales for 
relaxation of electron temperature te = Ce/hex and phonon temperature tph = Cph/hex 
towards a common value, as well as the relaxation time τQe of the electron heat 
flux. For pulse durations much longer than τQe ~ 10 fs the relaxation of the heat 
flow is negligible, thus showing that the standard parabolic two-temperature model 
of Anisimov et al. [17] is adequate, where the idealized assumption of 
instantaneous heat propagation is assumed.    
        
1.5.1.3 Melt expulsion 
Melt Expulsion is characterized by the attainment of a fully developed continuum 
limit, where the long time limit of the kinetic Knudsen layer [18] is established. For 
ns-pulses, the absorption of energy is governed by evaporation, but only a small 
amount of momentum is transferred to the melt and results in melt ejection. With 
increase of pulse duration approaching the μs time scale, the energy is finally used 
primarily for melting, while evaporation acts as an influential driving force 
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introducing large momentum to the molten material via the recoil pressure at the 
liquid surface. With increasing pulse duration a characteristics transition takes 
place even in the range of dominant melting. The characteristics transition occurs 
from an inertia-dominated onset of melt flow at time scale tin, typical for sub-μs-
pulses to fully develop melt ejection for μs-pulses and longer pulse durations. For 
μs-pulses the equilibrium between spatial changes of the recoil pressure and 
friction of the liquid at the solid melting front only governs the melt flow. 
 
Ionization and excitation is dependent on photon energy compared to atomic 
transitions energies, as well as on the number density of photons, so that the 
intensity of the radiation induces quite different types of beam-matter interaction in 
metals. At least four domains can be differentiated with respect to corresponding 
intensity for metals, which are characterized by heating of matter, the effects of 
sub- and super-atomic field strengths as well as the properties of relativistic 
particles (Fig. 1.5). 
 
At intensities lower than 1011 Wcm−2 absorption of infrared radiation in metals 
basically behaves optically linearly and elevated temperatures are established via 
Joule heating of the atoms by collisions with excited electrons from the conduction 
band. For pulse durations greater than 10ps the energy is dissipated in local thermal 
equilibrium. Thermal emission of electrons from condensed matter and collisional 
ionization in metal vapors by the Richardson effect dominate the formation of 
ionized vapor or plasma. Corresponding thermal processes such as drilling and 
micro-processing are widely used in applications today. 
 
 
Fig. 1.5: Mapping of the different physical domains – Heating, Sub- and Super-
Atomic Field Strength as well as Relativistic Particles – with respect to the 
corresponding intensity for metals. 
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At higher intensities i.e., above 1011 Wcm−2 multi-photon absorption or Multi-
Photon Ionization (MPI) in the infrared spectrum are observed [19].  
 
Above-Threshold Ionization (ATI) is a kind of beam-matter interaction in which 
atoms are subjected to intense laser fields at intensities above 1012 Wcm−2 and 
absorb more than the least amount of photons required for ionization. Since the 
first experimental discovery of ATI for Xenon atoms by Agostini et al. [20], ATI 
has been an important subject in ultrafast laser-atom interactions. Xenon with the 
ionization potential of 12.27 eV absorbs twelve photons emitted from an Nd-glass 
laser, each having photon energy of 1.17 eV at 1013Wcm−2 of laser intensity. Both 
MPI and ATI are also involved in the formation of ionized processing gases. 
 
The effect of Field Ionization (FI) is revealed by the observation that less number 
of photons are necessary to ionize an atom than are required to overcome the 
energy, Uion for ionization. FI and Tunnel Ionization (TI) come into play at 
intensities where the laser field E changes the atomic structure by ponderomotive 
forces [21]. The energy, Uion for ionization is decreased by the ponderomotive 
energy Up, which for free electrons in the laser field depends on electron mass me 
and charge e as well as the electric field amplitude E and photon energy hω. 
 
ܷ௣ ൌ 	 ଵ௠೐ 	ሺ
௘ா
ଶఠሻ   (8) 
ߛ ൌ 	௎೔೚೙ଶ௎೛             (9) 
The transition from dominant Field Ionization to tunnelling is characterized by ߛ = 
1, where ߛ = (Uion/2Up) is the well known Keldysh-parameter. 
 
At 1018–1019 Wcm−2 the travel distance an electron needs to pick up its own rest 
energy mec2 is only one wavelength λ of the incident visible light eEλ = mec2 and 
the motion of the electron becomes relativistic. The energy of the wave becomes so 
large that the electron “surfs” on the wave. The wave exerts direct light pressure on 
the electron. The plasma and the particles become relativistic; the mechanisms lead 
to concepts and realization for particle acceleration and to free electron lasers. If 
the field is a factor of 103 higher (I =1024 Wcm−2), the same effect occurs not only 
for electrons – they continue surfing at the bottom of this wave – but also for heavy 
protons with mass mp. The proton motion becomes relativistic eEλ = mpc2. At 
about 1029 Wcm−2 the field comes into resonance with the matter wave.  
 
1.6 FEMTO SECOND LASER 
The latest generation pulsed lasers delivering the shortest pulses are the 
femtosecond (fs) lasers. As the laser source that produces light pulses with duration 
in the fs (10-15s) range it is referred to as an ultrafast or ultrashort-pulse laser. In 
these systems, pulsing is mostly achieved by mode coupling of a broadband laser 
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source. Typically, the bandwidth exceeds several tens of nanometer bandwidth, 
which allows pulse duration well below 100 fs. Due to the short pulse duration, 
peak powers of more than 15GW can be reached, which gives access to further 
ablation mechanisms, like multi-photon ionization [12].  
 
The short pulses are generated within the oscillator, typically providing a pulse 
train of short pulses at low pulse energy of some nano-joules per pulse. As this 
energy is not sufficient for most micro-machining applications, further 
amplification has to be provided. A direct amplification is not viable, as the 
intensity would destruct beam profiles and the internal optics. Therefore, the 
intensity has to be reduced to sufficient values, which is being done using the 
Chirped Pulse Amplification (CPA) technique [22]. Femtosecond lasers offer new 
and very promising ways of micro-machining almost any solid material. Fs lasers 
promising applications are found in the precise machining of thermal sensitive 
materials, in medicine for surgery, for example the correction of myopia like laser 
assisted in situ keratomileusis (LASIK), the structuring of medical implants, e.g. 
coronary stents [23] and in semiconductor industry for the fabrication of micro-
chips, sensors, and actuators. In this research the fs laser is established as an 
alternative to conventional technique for the micro-drilling of fuel injectors.   
 
1.6.1 Mode locking 
Mode locking is used generate ultrashort laser pulses with pulse duration in the ps 
to fs ranges. Mode-locking is an effective technique for lasers with a relatively 
broad laser transition bandwidth, and thus for lasers with a broad amplification 
profile, in which numerous longitudinal modes can oscillate simultaneously. Active 
and passive mode-locking techniques can be used to achieve the mode-locking 
condition. 
 
The characteristic of active mode-locking is that the resonator is equipped with a 
modulator, which is triggered by an external signal in such a way that a sinusoidal 
modulation of the losses in the optical resonator takes place. The frequency is equal 
to the frequency distance of the longitudinal modes. Initially, this loss modulation 
represents an amplitude modulation with the frequency of the mode, which starts to 
oscillate first at a maximum amplification at the frequency. This modulation then 
induces the neighboring modes with the frequencies, which experience an 
amplitude modulation as well. This process continues until all longitudinal modes 
within the amplification bandwidth of the laser are coupled and synchronized. 
 
Passive mode-locking is based on the same principle as active mode-locking, 
which is a temporal modulation of the resonator losses. The difference of passive to 
active mode-locking is that the laser system itself determines the point in time at 
which the losses are at their minimum [24]. 
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1.6.2 Chirped Pulse Amplification (CPA) 
In a chirped pulse amplifier, a seed ultrashort laser pulse is stretched [25] in time to 
as long as a nanosecond. The stretching of the ultrashort pulse is done by inducing 
a relative delay between its wavelength components (i.e. its longitudinal modes) to 
reduce peak intensity, prior to introducing it to the gain medium. This is usually 
achieved using a pair of gratings that are arranged in a way with the intention that 
the longer wavelength components of the laser pulse travel a shorter path than the 
shorter wavelength components. Subsequent to the gratings, the shorter wavelength 
components lag behind the longer wavelength components (Fig. 1.6). The stretched 
pulse, with lower peak intensity, is then safely introduced to the gain medium for 
amplification. The pulse can travel several times within the cavity, based on the 
design of the laser, to deplete the amplification crystal (i.e. the gain medium) of its 
stored energy, before being released out of the laser cavity. The pulses are then 
recompressed by temporally reversing the stretching process and removing the 
relative delay between the wavelength components after amplification. Thus, 
ultrashort laser output pulses achieve much higher peak powers, as the 
amplification is not limited by the damage threshold of the amplifying crystal. 
 
Fig. 1.6: Schematic of the principle of Chirped Pulse Amplification. An ultrashort 
seed pulse is stretched by a set of gratings before amplification in the laser cavity, 
termed as “Amplifier”. After amplification, the pulse is compressed by another set 
of gratings to produce a high-intensity ultrashort pulse.  
 
1.7 ABLATION 
1.7.1 Concept of Ablation 
The removal of the material from the target surface is one of the most impressive 
effects of the laser irradiation. At moderate pulse energy only individual ions or 
clusters come off, frequently recognized as Coulomb explosion of an electro-
statically destabilized surface. Conversely, for materials processing this desorption 
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is extremely weak. For removal of the material higher pulse energy is needed. 
Beyond (empirical) threshold pulse energy, the much stronger removal for this 
purpose, termed “ablation,” occurs. The corresponding processes are more complex 
than for desorption and combine Coulomb explosion, phase explosion and, 
potentially, plasma expansion. This plasma is the consequence of an extremely 
high excitation, with a high density of hot electrons, directly within the target. 
 
Laser ablation is, indeed, the base of the most important field of laser materials 
processing [26]. Cutting, drilling, lithography, pulsed-laser-deposition (PLD) is 
dependent on the phenomena of laser ablation. Due to the very short timescales for 
interaction with targeted material, ultrashort pulse results a reduced heat affected 
zone (HAZ). As the energy input is terminated before particle emission occurs, all 
excited material is ejected, and no additional energy is deposited in the surrounding 
target region (Fig. 1.7) and this has been experimentally demonstrated in [27]. 
 
Fig. 1.7: Difference between femto-second (upper) and long-pulse (lower) ablation. 
(The shaded area is the excited region. The darker the shading, the stronger is the 
excitation).  
 
For the ultrashort laser pulse, the irradiated area is instantaneously highly excited. 
After a dissipation delay, the whole excited volume is ablated. On the contrary, for 
the short pulse, at the beginning, only the central part is weakly excited. With the 
increase of the pulse duration, the central-part excitation increases above threshold 
and the surrounding area is also weakly excited. As the duration of the pulse is 
longer, yet during the pulse, the central area material leaves the target, the 
surrounding reaches the threshold and a still wider range is weakly excited. Still 
later (yet during the pulse), the ablated plume still absorbs laser light, generating 
plasma that is heated by inverse bremsstrahlung and, then, sputters back to the 
surface [26]. 
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1.7.2 Ablation models 
In ablation with pulsed laser radiation, different beam-matter interaction 
mechanisms become dominant based on the pulse duration. For short laser pulses 
i.e. pulse duration in the micro- and nanosecond range the ablation process is 
governed by heat conduction, melting, evaporation and plasma formation (see Fig. 
1.8) [28]. Absorption of the energy of the laser pulse on the surface of the 
workpiece and subsequent heat conduction leads to the formation of a temperature 
field. The material melts, evaporates or is transferred to a plasma state based on the 
achieved temperature. Both evaporation and melt expulsion determines the 
ablation. Thus, pulse duration and pulse energy are the key factors that determines 
the governing ablation mechanism. 
 
Fig. 1.8: Classical beam-matter interaction 
 
 
Fig. 1.9: (a) ultrafast beam-matter interaction, (b) two temperature model as basis 
of ultrafast ablation model. 
 
For ultrashort i.e. pulse duration in pico- and femtosecond range laser pulses and 
the thereby related short timescales the aforesaid classical descriptions of beam-
matter interaction lose their validity. For ultrashort pulsed lasers, absorption is 
increased by non linear multi-photon absorption processes due to the extreme 
intensities of ultrashort laser pulses. Moreover, within very short timescale of pico- 
and femtosecond ranges the energy cannot be transferred from the electron gas to 
the ion grid instantly. In order to describe the thermal phenomena, new thermal 
descriptions distinguishing between electron and grid temperature, the so called 
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two-temperature model (see Fig. 1.9b) is needed [29]. In case of ablation by 
ultrashort laser pulses extreme pressures, densities and temperatures build up and 
accelerate the ionized material to enormous velocities. Thanks to the short 
interaction time the material cannot evaporate continuously but is transferred into a 
state of overheated liquid. This merges into a high pressure mixture of liquid 
droplets and vapor expanding rapidly (see Fig. 1.9a) and is termed as phase 
explosion [30, 31]. 
 
1.8 LASER DRILLING 
Laser drilling techniques are divided into two categories: one performed with 
steady-beam and the other executed with the beam in motion. Both categories use 
pulsed laser sources. Single pulse laser drilling and percussion drilling belong to 
the first category. Single pulse drilling is mainly used in low thickness parts or 
holes with less than 1:10 aspect ratios. Laser percussion drilling is based on 
removing material by sequence of pulses: each pulse removes a certain volume of 
material in order that the entire sequence of pulses can achieve deep hole size with 
diameters ranging between 25 µm and 500 µm. Both techniques are characterized 
by high productivity, other than lack of reproducibility due to the high presence of 
melted material. 
 
Laser trepanning and helical drilling are categorized in the second group. In laser 
trepanning process, the laser beam translates in circular path to cut the perimeter of 
the hole [32]. Initial part of laser trepanning is similar to lie percussion drilling that 
involves piercing of the workpiece, then in the last part a round hole is cut in one 
circular movement. Laser trepanning can be compared to a cutting process. The 
method of trepanning can suffer from melt formation and heat affected zones.  
 
In helical drilling, the laser beam rotates continuously at the nominal diameter 
shifting the focal position, so that the spot produces a helical trajectory inside the 
material [33]. In case of helical drilling, the material is not pierced initially by the 
beam. Hence, in helical drilling the laser beam follows a recurring circular path 
where laser pulses ablate layers of material gradually, i.e. the ablation front follows 
a helical path. As the spot diameter of the laser is smaller than the final diameter of 
the drilled hole, expulsion of material is easier. Thus, recast layers that are 
deposited on the sidewalls, is not accumulated as thick layers and can be removed 
by successive passes of the beam. Therefore, the quality of the drilled hole is 
improved. In addition to that in case of helical drilling, the shape of the hole is not 
dependent on beam profile rather on the accuracy of the scanning motion. As a 
result, holes with increased geometrical accuracy can be obtained. This technique 
guarantees good quality holes in terms of circularity and cleanliness, although is 
slower than aforesaid ones [34]. Helical drilling also can be considered as an option 
for drilling holes with a very high aspect-ratio (i.e. above 10).  
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Fig. 1.10: Schematic of the four common techniques of laser drilling. 
 
Fig. 1.10 shows the schematic of the four common techniques of laser drilling. 
Single pulse drilling lacks of accuracy as it usually involves a large pulse energy 
and/or longer pulse duration. Percussion drilling exploits a laser pulse train to 
gradually ablate deep holes. Trepanning is consisted of a percussion drilling, 
followed by a cutting procedure. Helical drilling produces the most accurate 
structures as it involves low pulse energies and shorter pulses [34]. 
 
1.9 LASER WELDING 
Laser welding is a fusion joining process, generating coalescence of materials that 
obtains the heat from a concentrated beam of coherent, monochromatic light 
impinging on the joint to be welded, belongs to the group of liquid-phase joining. 
A focused laser beam supplies the needed energy for welding. The focused beam 
locally creates a melt pool, which is moved along a joint resulting in a weld seam. 
The weld seams produced by laser welding are typically narrower than those 
produced by conventional welding techniques. The capability of laser welding to 
produce precise, repeatable joints at high process speeds offers a unique alternative 
to Tungsten Inert Gas (TIG) welding, Electron Beam Welding (EBW) and 
resistance welding.  
 
The thesis is focused on drilling of fuel injector nozzle. The nozzles are contained 
in the seat. This seat needs to be joined with the valve body for the fabrication of 
fuel injector. Therefore, the focus of the current research has been extended to laser 
welding also. The schematic of the fuel injector is shown in fig. 1.1. Two real 
axial-symmetric injector components are welded circularly. The valve body is 
made of ferritic AISI430F (cold drawn, annealed and centerless ground) while the 
seat is made in martensitic AISI440C (pre-hardened and tempered) stainless steel. 
The selected materials are frequently used according to peculiar design criteria 
which impose high hardness for the nozzle seat and good resistance to corrosion 
for the valve body. 
 18 
 
The recent advancement in manufacturing technology is increasing the demand for 
dissimilar metal welding. Joints between components of different material or 
compositions are commonly used in the power generation, chemical, 
petrochemical, nuclear, automobiles and electronics industries. The ability to use 
different metals and compositions in a product provides the designer and 
production engineer with greater flexibility, and often results in technical and 
economic advantages over components manufactured from a single material. Many 
problems are also associated to the topic of dissimilar welding, depending on the 
metals being joined and the process employed. In the welding of dissimilar metals, 
the different chemical, metallurgical and physical properties such as thermal 
conductivity, thermal expansion coefficient and melting point should be taken into 
consideration. The formation of detrimental metallurgical phases in these welds 
could result in decrease in mechanical and functional properties of the joint. The 
difference between the physical properties of the two metals to be welded leads to 
an asymmetry in heat and fluid flow which in turn directs to the development of 
unique features in the weld microstructure [35]. Thus, solidification 
microstructures, the asymmetric shape of the weld and mixing patterns need special 
attention. Among the available welding techniques, laser welding (high specific 
power and low energy input process) is emerging as a valid and promising 
alternative for joining of dissimilar metal as it provides solutions to a number of 
problems encountered with conventional techniques [36]. Additionally, laser 
welding provides several advantages, such as higher productivity, better weld 
quality with narrow Heat Affected Zone (HAZ), lower distortions and higher 
flexibility over the conventional processes [37]. 
 
The literature supports the fact that laser welding technique is suitable for 
producing weldable joints of dissimilar metals having considerable mechanical 
properties even if surface defects (micro-cracks) may appear on the seam. These 
defects are well-known in the practice and are supposed to grow up during the 
solidification process in zones where the mixing of the two metals with different 
chemical composition and thermal properties, is less homogeneous. The topic of 
welding dissimilar steels is not yet fully understood and needs for further 
improvements, especially for high energy density welding source (e.g. lasers). The 
key-factor is to understand how mixing two different materials could enhance the 
properties of the single base metals in a welded joint. 
 
Consequently, weld material, joint configuration, and welding parameters have 
significant effects on the weld seam characteristics, on the weld microstructure, on 
the presence of defects and on the effective mechanical properties of the whole 
joint. The weld quality mainly depends on the mechanical properties, weld bead 
geometry and distortion of the welded joint. All of these quality characteristics are 
directly related to welding parameters. It is, therefore, utmost important to acquire 
the knowledge of how laser welding process parameters affect these weld bead 
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characteristics, and how to control these parameters in order to produce excellent 
welded joints.  
 
1.10 RESEARCH MOTIVATION 
The increasing concern for the environment protection has put the reduction of the 
pollutants and fuel consumption among the most important challenges for modern 
engines. Many of the improvements in this sense are related to the advances in fuel 
injection systems. The design of the internal nozzle flow is fundamental for the 
spray development and therefore in the air–fuel mixing and combustion processes. 
In order to improve the atomization of the sprays and the mixing process, modern 
GDI engines work at high injection pressures. The use of injection pressures up to 
30 MPa brings the fuel at high velocity flowing through a contraction below the 
saturation pressure. Under these conditions the liquid starts to cavitate and a local 
change of state from liquid to vapor favors an increase in the spray cone angle, 
which is expected to improve the air–fuel mixing process [2].  
 
Cavitating nozzles for GDI engines are conventionally produced by micro-
Electrical Discharge Machining (µ-EDM) with hole diameters of 150–200 µm and 
thickness of about 250–350 µm. Anyhow this consolidated process is recently 
facing new challenges [38] which mainly concern the flexibility in changing the 
hole geometry and  the decrease in process time. Laser based techniques are now in 
attention as alternative to µ-EDM. Therefore, it’s required to see whether a 
particular drilling technique other than EDM is able to fulfill the requirement of 
flow stability and atomization of the spray. This implies evaluating how the surface 
texture is varying as a function of process parameters and compare the 
conventional drilling technique with other available alternatives from the point of 
view of surface quality, edge sharpness and the surface microstructure.  
 
Concerning holes characterization, the Scanning Electron Microscopy (SEM) 
technique allows a rapid survey of large sample areas, but it does not reveal the 
depth of defects and the three dimensional (3D) surface textures of machined 
specimens. Therefore, it is needed to find out a reliable and robust measuring 
technique to acquire 3D topography of the drilled surfaces yielding a better 
understanding of the size, shape and distribution of peaks and valleys along with 
their dependence on the adopted process parameters. In order to reduce the 
deposition of coking to avoid the risk of nozzle clogging, a drilling strategy is 
needed to be developed based on the correlation between surface texture and 
adopted process parameters. Moreover, tailor-designed structures on the hole inner 
surface may have a significant impact on fuel jet breaking with a consequent 
enhancement of spray atomization. In addition to that the seat containing the 
nozzles and the valve body of the fuel injector made of dissimilar materials 
required to be welded to obtain quality weld bead. It is, therefore, top interest to 
acquire the knowledge how the laser based process parameters affect the 
machining of fuel injectors, and to develop reliable measuring techniques along 
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with the development of new strategy of machining to ensure quality of the 
processed components.  
 
1.11 OBJECTIVES OF THE PRESENT RESEARCH 
The reduction of particle formation and fuel consumption is one of the major 
concerns for modern GDI engines. Atomization of the sprays and flow stability are 
strictly linked to the particle formation. An atomized jet should be able to avoid 
wet parts in the engine, could avoid the stoichiometry of the combustion process to 
be unstable and not uniform in the chamber. As a result, together with the increase 
of internal pressures (up to 30 MPa) and working frequencies (1 KHz), the 
machining of micro-holes (µ-holes) for fuel injectors is gaining the attention of the 
automotive engineering.  
 
From process point of view, the possibility of characterizing the internal surface of 
spray holes represents a key point of focus for the producers. This analysis is 
beneficial in understanding whether a selected drilling technique can perform the 
desired standards of spray atomization or not. Thus, the main aim of the PhD 
research is to develop a drilling strategy for surface structuring of spray holes to 
reduce coking deposition to avoid the risk of nozzle clogging. To fulfill the aim at 
first the conventional drilling technique (µ-EDM) has been studied, which is 
focused on: 
 
 Development of a reliable and robust measuring technique to acquire 3D 
topography of the µ-EDM drilled surfaces. 
 Analysis of the roughness and shape of micro-machined workpieces with a 
specifically conceived scanning probe microscope using the shear-force 
established between a vibrating tungsten tip and the surface under 
investigation. 
 Propose a drilling strategy with the aim of increasing the surface quality 
keeping processing time at values comparable to those already used in 
automotive industries, based on the correlation between surface texture and 
spark energy obtained by experiments.  
 
A comparative analysis between the current drilling technique and available 
alternatives is then performed from multi-objective point of view. The comparison 
is mainly based on the quality (surface morphology, roughness) of the generated 
surface, edge sharpness of the drilled holes, microstructural changes induced by the 
drilling techniques and energy consumption of the adopted processes. The 
objective of the study is: 
 
 To reduce particle formation/emission (EU6 standards) by improving 
efficiency of fuel spray atomization (i.e. measure the edge sharpness of the 
drilled hole in the fuel entry side). 
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 To characterize the internal surface (i.e. analyze the morphology of inner 
surface, investigate the presence and extension of recast layer and HAZ) of 
spray holes to understand whether a selected drilling technique can 
perform the desired standards of spray atomization or not. 
 To evaluate how the surface texture is varying as a function of pulse 
energy for adopted laser drilling techniques. 
 Analyze the energy consumption at the process level by different drilling 
techniques. 
 
Based on the results obtained from the comparative study, a drilling strategy for 
ultrashort pulsed laser is proposed to fulfill the following objectives: 
 Reduce coking deposition and avoid the risk of nozzle clogging by 
structuring the inner wall. 
  Determine a suitable drilling technique to generate ordered LIPSS on the 
inner wall. 
  Avoid the occurrence of entangled structures like those generated by laser 
trepanning.  
  Increase ripples spacing as much as possible. 
 Vary LIPSS inclination to make them less inclined to the fuel jet. 
 
The development of an efficient fuel injector requires the seat (containing the spray 
holes) to be joined with the valve body. As the seat and valve body are of different 
material, laser welding of dissimilar material is performed concentrating on the 
following goals: 
 Developing weld bead of dissimilar stainless steels without surface defects 
(e.g. micro-cracks).  
 Analyzing the effects of laser welding parameters such as incidence angle 
and offset of the laser beam on the geometrical features of the weld i.e., on 
resistance length, width of martensitic and ferritic welded portions. 
 
The various activities performed to reach towards the aforesaid research goals are 
also illustrated schematically in the Fig. 1.11. 
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Fig. 1.11: Action plan showing the activities performed during the three years of 
PhD research. 
 
1.12 THESIS STRUCTURE 
The outline of the thesis is as follows; chapter one provides an introduction to the 
work with a brief description on laser material interaction for short and ultrashort 
pulsed lasers. Chapter one also contains the GDI nozzles, fs laser, ablation, laser 
drilling, welding, research motivation, thesis objectives, and thesis structure. 
Chapter two is consisted of experimental optimization of micro-electrical discharge 
drilling process from the perspective of inner surface enhancement measured by 
shear-force microscopy. This chapter also describes the microscopic details for the 
characterization of the generated surfaces. Chapter three represents a comparison 
between water jet guided laser and EDM. Chapter four depicts a comparative study 
between ultrashort pulsed laser and EDM. This chapter also includes surface 
morphology, roughness measurements and edge sharpness analysis of the 
compared processes. Chapter five investigates the microstructural changes induced 
in stainless steel in micro-drilling of fuel injector nozzles. This chapter also 
includes a comparative study among EDM and other two laser based processes. 
Chapter six illustrates the development of a drilling strategy for surface structuring 
of micro-holes in stainless steel. Chapter seven presents the analysis of energy 
consumption in micro-drilling processes. Chapter eight examines the laser beam 
welding of dissimilar stainless steels. Chapter nine contains the general conclusions 
and scope for future work. 
 
 
Laser based processes in modern production system
Study and optimization of current 
drilling technique (µ-EDM)
Comparative analysis of µ-EDM with 
other available alternatives 
Water jet guided µs 
laser drilling
Ultrashort (fs laser) 
laser drilling
Development of Scanning probe microscope and its 
application in measuring the inner surface topography 
and edge profile of cylindrical micro holes
Development of drilling strategy for 
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CHAPTER 2 
EXPERIMENTAL OPTIMIZATION OF MICRO-
ELECTRICAL DISCHARGE DRILLING PROCESS FROM 
THE PERSPECTIVE OF INNER SURFACE ENHANCEMENT 
MEASURED BY SHEAR FORCE MICROSCOPY 
 
 
 
In this chapter, the micro-electrical discharge drilling process is studied by means 
of experiments with the twofold objective of increasing the surface quality while 
minimizing the drilling time. To characterize the inner surface of micro-drilled 
holes obtained by EDM a specifically conceived scanning probe microscopy 
technique is used. Discharge current and pulse duration has been used as input 
parameters with the aim of quantifying the effects of applied spark energies on 
surface characteristics. 150µm diameter holes are drilled using combinations of 
process parameters defining spark energies within the range of 3.25µJ and 15µJ. 
Results showed that the surface texture can be characterized by (i) maximum peak-
to-valley distance and (ii) periodicity whose dimensions were related to the 
adopted spark energy. Standard Rq derived from the measured cylindrical surfaces 
was found to vary between 240nm and 380nm. Experiments testified that removal 
rates higher respect to those commonly used in industry can be adopted when 
followed by a lateral erosion phase at low energy which reduces Rq of 32% without 
changing the drilling time. 
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2.1 INTRODUCTION 
In today’s manufacturing scenario, electrical discharge machining (EDM) 
contributes a prime share in the manufacture of complex-shaped dies, molds, and 
critical parts used in automobile, aerospace, and surgical components with high 
precision. Micro-EDM (µ-EDM) is capable of machining not only micro-holes (µ-
holes) and micro-shafts as small as 5 μm in diameter but also complex three-
dimensional (3D) micro-cavities [1]. Being the discharge duration in the micro- to 
nano-second range, µ-EDM makes use of negative polarity since fine removal of 
the workpiece is obtained by electron impact while keeping tool wear to the 
minimum value. Masuzawa et al. [2] demonstrated the feasibility of micro-parts 
(pins, nozzles) by µ-EDM while micro-cavities were obtained by Yu et al. [3]. 
Moreover, µ-EDM is up to now the main process to produce micro-holes in diesel 
and fuel injection nozzles [4]. 
 
As a result, µ-EDM represents a key-point in automotive industry since the 
reduction of particle formation in fuel engines which should lead to the upcoming 
EU6 limits is strictly linked to the capability of EDM drilled nozzles to increase 
atomization of the fuel jet [5]. 
 
The fuel forced through the injection nozzles under high pressure forms a liquid 
core which is then broken-up and atomized into a spray.  The diameter and depth of 
nozzles (150-200µm and 250-350µm respectively) are adjusted to give the desired 
flow rate, speed and pressure. A proper modulation of µ-EDM parameters 
determines the quality of the inner surface which should desirably show the lowest 
roughness as possible to exploit the best performance in terms of jet breaking and 
atomization of the fuel spray.   
 
Controlling surface finishing by a proper modulation of process parameters then 
represents a key factor in µ-EDM drilling process so that many studies are devoted 
to determine performance parameters in electro erosion processing. Jeswani [6] 
identified the effecting parameters of surface roughness while Uhlmann and 
Roehner [7] investigated parameters for tool wear factors. Tsai and Wang [8] 
developed a semi empirical model in which parameters affecting the surface 
roughness were identified to be discharge duration, maximum current, polarity, 
input power, material density, conductivity of the material, specific heat capacity, 
heat conductivity, melting point, and boiling point of the material. Rebelo et al. [9] 
investigated parameters for material removal rate and surface roughness when 
processing of hard copper-berilium alloys. Halkac and Erden [10] performed an 
experimental study and identified relations between surface roughness and pulse 
duration.  
 
In order to reduce the surface roughness of electro-eroded surfaces many 
researchers have recently proposed a hybrid processes (EDM/ECM) which makes 
use of a final electrochemical etching phase in de-ionized water [11]. This 
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technique allows for surface roughness between 50 and100 nm but has the 
drawback of rounding the hole edges and decreasing its capability to atomize the 
fuel jet.  
 
During machining with EDM, the discharge energy produces very high 
temperatures at the point of spark on the surface of the specimen removing the 
material by melting and vaporization. The top surface of the workpiece re-solidifies 
and subsequently cools extremely quickly. Lin et al. [12] discovered the presence 
of micro-cracks and high tensile residual stresses on the EDM specimen surface 
caused by the high temperature gradient. Lee and Tai [13] measured the total 
length of the cracks in the Scanning Electron Microscopy (SEM) photograph and 
defined a surface crack density to evaluate the severity of cracking. Ramasawmy 
and Blunt [14] studied the 3D surface topography of the EDM specimen using 3D 
tip profilometry with a diamond tip.  
 
Scanning Probe Microscopy (SPM), in particular Atomic Force Microscopy 
(AFM), represents a valuable diagnostics for surface morphology [15] able to 
obtain accurate roughness information [16]. While being originally conceived for 
the investigation of atomistically at surfaces, where atomic resolution has been 
demonstrated, AFM has also been used in the context of investigation and 
assessment of machined surfaces [17, 18]. The performance of AFM has stimulated 
the development of sophisticated metrological instruments [19], able to determine 
shape and surface properties with an accuracy exceeding the nanometre level.  
 
According to the experience with the samples considered in this research, 
application of conventional AFM to the practical determination of surface finishing 
in machined workpieces reveals several critical issues. First of all, in the 
conventional tapping-mode operation of AFM a fast oscillation is applied to the tip 
along the vertical direction [20], leading to the possibility of intermittent contact 
between tip and surface and eventually to tip wearing and material scratches issues. 
Even though such effects can severely affect the measurements only in the case of 
soft material analysis, or when ultra-sharp tips are used in order to ensure high 
spatial resolution (below 10 nm), a true non-contact tool is often desirable. 
Moreover, large travel capabilities are needed when workpieces with complex 
shapes are analyzed, which are not always found in instruments designed for 
atomic-scale imaging (typical maximum vertical displacement in AFM is around 5 
µm [21]). In addition, the optical lever method generally exploited in AFM can be 
affected by artifacts due to scattering of stray light from the corrugated surface, 
particularly relevant in the case of rough metal surfaces. The use of non optical 
methods for detecting the probe motion can suppress such artifacts while ensuring 
the ease-of-use required for routine analysis, as often needed in the assessment of 
machined workpieces. Finally, while at surfaces can be analyzed in a 
straightforward way by using a conventional AFM,  the shape and size of the 
cantilevered probes can pose physical limitations for accessing recessed surfaces, 
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due to possible mechanical interactions between the cantilever and the edges of the 
machined workpiece. 
 
The method used by Peiner et al. [22] to measure surface roughness by inserting a 
slender tactile sensor inside micro-holes for diesel injection is critical due to the 
high risk of collision and does not work properly for shorter thicknesses. 
Quantitative measurements of complete surface profiles along with the evolution of 
surface texture during drilling over the entire thickness of the hole are rarely 
available in the literature since they require sectioning the nozzle along its axis and 
the use of an accurate measuring method able to acquire data from a curved surface 
confined on a diameter of 100-150µm.  
 
2.1.1 Research objectives 
Even if µ-EDM is well established in the field of manufacturing injection nozzles, 
the need for high flow stability and atomization of the jet imposes enhancements in 
the quality of the machined surfaces along with a reasonable processing time. 
Concerning holes characterization, the SEM technique allows a rapid survey of 
large sample areas, but it does not reveal the depth of defects and the 3D surface 
textures of the electro-eroded material. First objective of the research will be 
represented by finding out a reliable and robust measuring technique to acquire 3D 
topography of the drilled surfaces. This characterization will therefore yield a 
better understanding of the size, shape and distribution of peaks and valleys along 
with their dependence on the adopted process parameters.  Based on the correlation 
between surface texture and spark energy obtained by the aforementioned 
experiments, in a final step of the research a drilling strategy will be proposed with 
the aim of increasing the surface quality keeping processing time at values 
comparable to those already used in automotive industries.  
 
2.2 MATERIALS AND EXPERIMENTAL PROCEDURE 
 
2.2.1 Material 
Martensitic AISI440C (pre-hardened and tempered) stainless steel is selected as 
workpiece material (300 µm thickness) being this material frequently used to 
produce fuel injection nozzles. Matrices of 150 µm diameter holes are drilled by µ-
EDM machine making use of a SARIX SX-200 (Switzerland) pulse generator. 
Table 2.1 lists the chemical composition (in weight percent) of the AISI 440C 
stainless steel.  
 
Table 2.1: Chemical compositions of AISI 440C stainless steel 
  Element 
C Cr Mn S Si Mo Se Fe 
Composition 
(in wt. %) 
0.95-
1.2 
17.2 1.00 0.015 1.00 0.75 0.20 Remainder 
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2.2.2 Experimental setup and sample preparation 
The experimental set-up is shown in fig. 2.1. Tungsten carbide electrode of 80µm 
is used, while de-ionized water is used as dielectric fluid.  
 
 
Fig. 2.1: Experimental setup of micro-electrical discharge drilling. 
 
Before the hole is drilled an operation of tool flattening, called dressing, is 
performed. During the dressing step, positive polarity (electrode positive and work 
piece negative) is used with the aim of removing the electrode tip worn during the 
previous drilling operation. Thus the lateral wear of the electrode during erosion is 
compensated and for each hole, machining will begin with the same conditions. 
Then the polarity is changed, the tool is charged as cathode and work piece as 
anode for the erosion process. To guarantee good quality at hole exit, the electrode 
penetrates beyond the end of the hole. Both the dressing and drilling occurs 
rotating the tool at 800 rpm. The tool is displaced from the axis of rotation of a 
quantity known as run-out (20µm). It allows better flushing of the dielectric and to 
drill hole diameters larger than the electrode diameter.  
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Generally, in order to satisfy the condition of micromachining, small material unit 
removal and high precision equipment are required [23]. In the case of µ-EDM, a 
small unit removal condition commonly means the discharge energy, We [J] 
induced in the sparking gap during one pulse must be as low as possible, by which: 
We= e
t
ee
dttitu
0
)()(                   (1) 
Being te, Pulse duration [s] 
ue, Discharge voltage over the sparking gap [V] 
ie, Discharge current [A] 
 
During a discharge, gap voltage ue is uncontrollable depending on the electrode 
materials and connecting interfaces. To maintain an efficient discharge, ie has to be 
sufficiently large. As a consequence to obtain typically hundreds or tens of nano-
Joule (nJ) for We, te has to be reduced significantly to ns range. In addition, to 
receive small discharge energies for µ-drilling and high surface quality, generators 
based on capacities, known as relaxation generators, are used. The principle setup 
of a relaxation generator is a direct current source in combination with RC circuits. 
The discharge duration, te and discharge current, ie depend on the value of the 
capacity and cannot be controlled independently. As the relaxation generator is 
used, it is assumed that peak current and pulse duration are the principal factors of 
pulse energy which influence the surface morphology and roughness.  
 
Experimental conditions for µ-EDM adopted in this work are shown in table 2.2. 
Discharge energy is varied between 3.25 µJ and 15 µJ (in constant steps of 2.25 
µJ): these limiting values (obtained using parameters defined in table 2.3) are 
selected to investigate a wider range of values respect to the industrial practice and 
will be used as characterizing remarks  for the measured textures. Assumed that 
standard pulse energy of about 10 µJ is commonly used in the automotive industry 
to obtain spray holes in the minimized cycle time of 12s, the abovementioned 
values determine two opposite drilling conditions (i) High Pulse Energy (HE) 
ensuring a rougher but faster material removal and (ii) Low Pulse Energy (LE) 
which should provide a refined surface quality as a consequence of lower removal 
rate. In each of the stated conditions the dressing of 0.1 mm, respect to the 
reference z position on which the first spark occurs, is initially carried out.  
 
Table 2.2: Experimental conditions for micro-EDM 
Dielectric De-ionized water 
Work material AISI 440C stainless steel 
Electrode material Tungsten carbide 
Electrode diameter [µm]  80  
Polarity  Negative  
 
 32 
 
Table 2.3:  High and low pulse energy parameters 
 High pulse energy Low pulse energy 
Pulse energy, We [µJ] 15 3.25 
Voltage, Ue [V] 150 100 
Peak current, ie [A] 7 3 
Pulse-on duration, te [ns] 100 60 
Frequency [KHz] 150 150 
Erosion increment [mm] in Z-axis -0.8 -0.8 
Processing time [s] 10 18 
 
After drilling, three samples for both conditions are cross-sectioned along the hole 
axis. In order to open the hole for internal inspection, the workpiece material is cut 
by diamond disc up to the circular edge of the hole and then etched by a rotating 
grinder under the use of a 100x (maximum magnification) stereo microscope. The 
microscope is used to identify the micro-hole as well as the presence of residuals 
(burrs or contamination). The residuals are removed during the final step of 
ultrasonic cleaning in ethanol. The selected samples are then analyzed by using the 
SEM (JEOL 5600LV) to visualize the generated surface texture and to characterize 
the geometrical features along the hole axis.  
 
2.2.3 Surface morphology and roughness measurements 
The surface morphology and roughness of the machined specimens is carried out 
by a Shear Force Microscope (SHFM). Approaches based on SHFM allow keeping 
the advantages in terms of resolution and sensitivity of AFM while virtually 
eliminating the aforesaid limitations. In SPM technology, shear-forces are 
conventionally used to sense the surface as in Scanning Near-Field Optical 
Microscopy (SNOM) [24]. Their occurrence and behavior are mostly due to the 
viscous interaction of the air layers imprisoned between the tip, kept in oscillation 
parallel to the surface, and the surface itself. Such an interaction is known to 
produce a strong damping when the tip-to-surface gap decreases at the few 
nanometers level [25]. Remarkably, in SHFM the tip is forced to oscillate only in 
the direction parallel to the sample surface. Therefore, any form of contact is 
avoided, at least if the oscillation amplitude is kept small enough (below 10 nm in 
the instrument presented here) compared to the typical spacing of surface features. 
This prevents tip wearing, improving as a consequence repeatability of 
measurements. Furthermore, in the absence of vertical oscillations, cantilevered 
probes are not needed and can be replaced by needle-like tapered tips suited to 
approach recessed surfaces and to comply with complex shapes. Finally, sensing 
the oscillation amplitude can be accomplished by non-optical methods, therefore 
removing any problem related to stray light scattering and the associated need for 
time wasting alignment of the optical paths. Commercially available quartz tuning 
fork can be used to monitor the oscillation amplitude, according to a method 
originally introduced by Karrai et al. [26] and widely used with tapered optical 
fiber probes, as those customarily employed in SNOM. 
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Core of the setup is the probe assembly, which includes the tip, glued to one tuning 
fork prong, and a piezoelectric transducer needed to put the fork/tip system into a 
dithering oscillation parallel to the sample surface, as schematically depicted in fig. 
2.2(a). 
 
Fig. 2.2: (a) Sketch of the SHFM used, (b) picture of the tip and sample 
arrangement. 
 
Tips are made by electrochemical ac-etching a tungsten wire (0.125 mm diameter) 
in a KOH solution. By properly setting the etching parameters, apical diameters 
around fifty to one hundred nanometers can be routinely achieved. Smaller apical 
diameters can be attained by using slightly modified fabrication recipes, which 
were however not implemented in the present work due to their limited 
reproducibility. For instance, fabrication of 10 nm tips, as assessed by electron 
microscopy, was obtained in less than 20% of the produced probes, whereas the 
method applied here ensured the achievement of apical radii (50±10) nm in more 
than 80% of the produced batch. Tips are then epoxy glued on one tuning fork 
prong. The gluing process, assisted by a set of custom made micro-manipulators, is 
controlled with an optical microscope. In particular, any unneeded excess of glue 
on the prong, which can lead to decrease the quality factor of the oscillator, is 
carefully removed. The length of the probe can be made large enough (up to 
several tenths of mm) to approach recessed surfaces without accidental interactions 
of the sample with other parts of the assembly. Increasing the tip length implies a 
larger mass applied to the tuning fork prong, hence a decrease of the quality factor 
of the mechanical oscillator. The experimental findings demonstrate reliable 
operation of the microscope, for the purposes of the investigation presented here, 
for tip lengths up to around 10 mm, or slightly above. Fig. 2.2(b) shows a picture of 
the probe setup in operation on a sectioned hole.  
 
The oscillation is forced at a frequency chosen within the resonance curve of the 
mechanical system, e.g., detuned by less than 1% from the resonance peak 
(typically corresponding to around 32 kHz). The signal produced by the tuning 
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fork, duly preamplified, is synchronously AM-demodulated by a lock-in amplifier 
(EG&G 9503) in order to obtain a dc-signal proportional to the mechanical  
oscillation amplitude. The dc-signal is sent to feedback electronics, included in a 
commercial SPM controller (RHK-spm100). There, it is continuously compared to 
a set-point value, normally chosen around 80% of the free oscillation value. The 
output of the feedback circuit, duly conditioned, governs the vertical displacement 
of the sample. Therefore, constant tip-to-sample gap operation is achieved, 
preventing any accidental tip to surface contact. 
 
The sample is placed on a 3-axis piezoelectric nanopositioner (Physik Instrumente 
mod. 517), which, owing to the implementation of capacitive sensors, operates in 
closed loop. The same nanopositioner enables both vertical, feedback-controlled, 
displacement, and raster scanning of the sample under the tip. The maximum travel 
is 100 µm x 100 µm in the in-plane (scan) directions, whereas the maximum 
vertical displacement is 20 µm. Joined with the large physical accessibility to the 
sample under investigation, this enables analyzing workpieces with complex 
geometries and relatively large size, including the metrological characterization of 
the corner edge. 
 
During a raster scan of the sample, the SHFM reconstructs the topography map as 
an hi,j matrix. The hi,j (height) value is achieved at any i, j measurement point upon 
the requirement of the constant gap established by the feedback system, and is 
calibrated according to the positional accuracy of the nanopositioner (0.1 nm, 
nominal, along the vertical direction). Usually, the fast scan, along the x direction 
(rows), is set orthogonal to the hole axis (fig. 2.3). The slow scan, along the y 
direction (columns), is therefore parallel to the hole main axis (fig. 2.3). The 
instrument is equipped with two long working-distance, high magnification CCD 
cameras mounted along two mutually orthogonal directions for coarse positioning 
the sample with respect to the tip.  
 
The in-plane spatial resolution of the microscope depends on the sharpness of the 
tip, which can be determined by scanning a calibration standard (MikroMasch 
TGT-01) comprising an array of silicon-based spikes with known geometry. Due to 
the sharpness of such spikes (featuring a nominal radius of curvature below 10 
nm), the scan provides with an inverted image of the apical part of the tip [27]. As-
prepared probes used in the present investigation show an apical (tip) radius below 
60 nm. Such a value, larger than the typical apical radius of conventional scanning 
probe microscopes, is adequate for the purposes of the presented research, as 
demonstrated by the results which will be discussed in the following section. 
 
The µ-drilled hole is analyzed in three different areas as shown in fig. 2.3: one 
close to drill starting point (entrance area), one in the center (central area), and the 
third one at the end of the hole (out area, where the drilling process ends).  
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Fig. 2.3: Different investigated areas of the sample: (a) the entrance area, (b) 
central area and (c) the exit area. The segments drawn in areas (a) and (c) represent 
the direction of the rows and columns, respectively, used in the analysis. 
 
Fig. 2.4: Pseudo-3D representation (a) before and (b)after the flattening procedure. 
The graph in panel (c) shows the cross sections of the topography maps, drawn 
along the segments superposed onto the maps, and of the flattening surface found 
by the best-fit procedure. 
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To measure the surface texture inside a semi-cylindrical hole, the global curvature 
due to the circular shape of the hole has to be removed. The global curvature is 
considered uniform throughout the hole. A fattening procedure is applied to 
remove the global curvature due to the circular shape of the hole. To this aim, a 
two-dimensional best-fit is applied and the resulting flattening surface subtracted to 
the raw data. Typically, a second-order polynomial function is used; using a higher 
degree polynomial does not lead to any remarkable difference. The procedure 
makes the surface to be projected over a flat plane. The color palette is then 
readjusted between the minimum (set now to zero) and the maximum height. An 
example is shown in Fig. 2.4, where a pseudo-3D representation produced by a 
specific software [28] is presented (maps refer to a µ-EDM drilled hole). 
 
To analyze the effect of the selected parameters of µ-EDM on surface roughness, 
the acquired SHFM maps are analyzed by the conventional roughness parameter 
root-mean-square surface roughness, Rq. Degarmo et al. [29] calculated the, Rq, 
over single row of the machined specimen by the equation 
Rq = 

n
k
khn 1
21
               (2) 
Where, h is the height and n is the number of points in the analyzed row. The 
roughness of each sample, evaluated from every map acquired is so characterized 
by a vector of m values, Rq(i), i=1,..,m, where m is the number of rows of the map 
(for all scans n=m= 256). The element Rq(k) is evaluated by Eq. (2), over the kth 
row of the map. 
 
Reliability of the measurements has been checked by carrying out several tens of 
subsequent scans on the same portion of one of the samples under investigation. 
Relative variations of the roughness parameters have been found to be below ±5% 
(roughly corresponding to ± 5 nm in the evaluation of the root-mean-square 
roughness, Rq) on the basis of over 30 repeated scans of the same portion of the 
sample. The reported value represents an estimation of the uncertainty for the 
obtained measurements of the roughness parameters. The noise floor of the 
instrument was ascertained through repeated scans of smooth test samples (silicon 
wafers) accomplished in the same experimental conditions of the analysis 
presented here. Height uctuations within ± 2 nm were found, ascribable to 
electronic noise and to the presence of mechanical vibrations and thermal drifts in 
the setup. 
 
Remarkably, the flattening procedure removes any possible effect associated with 
the non perfect alignment of the tip along the direction normal to the scan plane on 
the determination of the roughness parameters. This has been assessed by selecting 
a region on a sample and performing scans for different angles of the tip, purposely 
misaligned with respect to the normal to the scan plane by approximately ± 15 
degrees (the maximum inclination of the investigated regions is below 30 degrees). 
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Misalignment of the surface for larger angles leads to variations above the 
mentioned value (the above reported uncertainty ± 5%). For this reason, scans of 
very inclined portions of the samples, as for instance realised in the analysis of the 
hole edge, were not used for retrieving roughness parameters. 
 
2.3 RESULTS AND DISCUSSION 
 
2.3.1 Surface morphology 
Selected images of the EDM specimens for the two limiting conditions HE (high 
energy) and LE (low energy) analyzed by means of SEM are shown in fig. 2.5.  
The surface topography is an envelope of discharge craters and the average crater 
diameter is around 15-20 µm and around 5-7 µm for the limiting HE and LE 
conditions, respectively. Obviously, the average diameter directly depends on pulse 
energy and the craters are shallow in LE and wider in HE conditions. This implies 
that for the HE condition, where discharge duration is relatively long (100ns) and 
combined with the highest current, the vaporization of the material takes place 
without any preferential direction like in an almost isotropic process with respect to 
the LE condition. The HE condition provides deep craters with irregular 
distribution, while LE provides shallow craters. Fig. 2.5 also reveals that the 
occurrence of debris and spatters around the craters is higher for HE.  
 
(a)                                                   (b) 
Figure 2.5: The SEM images of the AISI 440C steel after micro-EDM at (a) High 
Pulse Energy (HE), (b) Low Pulse Energy (LE). 
 
The debris are more scattered over the machined surface in HE condition since 
they are expelled more violently during electrical discharges and re-solidified on 
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the surface after the discharge stops. Fig. 2.6 shows the 3D representation of 
machined surfaces obtained from µ-drilling at HE and LE conditions. The vertical 
scales are different in the two images as a consequence of the larger roughness 
obtained in the µ-drilling with HE conditions. Furthermore, the texture appears 
remarkably different, with relatively large irregular features in the HE conditions 
and much smaller and denser features in the LE conditions. Fig. 2.6 clarifies that 
the morphology of the EDM surface is dependent on the applied energy condition. 
The LE provides a surface with lower peaks and valleys compared to the HE. The 
3D images of fig. 2.6 along with fig. 2.5 have revealed substantial increase in crater 
size upon increase of pulse energy, i.e, upon increase of both the pulse current and 
duration. 
 
                              (a)                                                                  (b) 
Fig. 2.6: 3D representation of the SHFM images of the AISI 440C steel after EDM 
at (a) HE and (b) LE conditions.  
 
Fig. 2.7 shows an overview of the topography of the SHFM images of the 
machined surface obtained from the EDM specimens. For each hole the three 
scans, corresponding to the areas indicated in figure 2.3, are aligned. The color 
scales of the maps range from zero to 2.8 µm and 2 µm for HE and LE conditions, 
respectively. Maps of different areas of the same specimen share the same scale, as 
presented close to the images at the bottom.  In all maps, dark colors correspond to 
lower surface areas (e.g., valleys, craters). 
Zmax (2800nm) Zmax (2000nm)
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                 (a)                                       (b) 
Fig. 2.7: SHFM topography maps acquired on single holes of the AISI 440C steel 
after EDM at (a) HE and (b) LE conditions. 
 
The topography shows remarkable differences in morphology of the drilled 
surfaces even if pulse energies differ of less than one order of magnitude. The 
circular features (representing craters) are smaller and more regular shaped in LE 
condition than HE.  
 
A more quantitative assessment of the surface morphology is obtained by 
sectioning the maps along one line and comparing the so-produced line profiles, as 
shown in fig. 2.8. Due to the homogeneity of the surface texture, presented values 
in a generic position are well representative of the behavior of the whole area. The 
comparison obviously confirms the effects of different parametric conditions on the 
surface texture. The comparison is based on (i) maximum peak to valley distance 
and (ii) periodicity. From the (i) point of view, the height total excursion varies 
between -730 nm to +820 nm for HE and -490 nm to +420 nm for LE (note that the 
zero height position is here chosen to correspond to the average height of the line). 
In fact, the maximum distance between peaks and valleys is around 1550 nm for 
HE and 900 nm for LE. From the point of view of (ii) fig. 2.8 reveals that HE 
results in a periodicity of around 20µm while a value of around 7µm is achieved 
for LE. The height variation between the peaks and valleys has then a higher 
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frequency in LE condition while a smaller value of discharge current for small time 
duration is recommended to limit the depth of the crater. In short, the high 
discharge current for long discharge duration creates high temperatures at the point 
of spark on the surface, which results in the formation of a deeper crater.  
 
(a) 
 
(b) 
Fig. 2.8: (a) Maps acquired in the central zone of the holes drilled by EDM at HE 
and LE condition, (b) cross-section of the maps along the green and red segments. 
 
2.3.2 Surface roughness 
To understand the evolution of roughness inside the µ-drilled hole along the 
drilling direction, the row by row evaluation of Rq value for both the HE and LE 
condition is shown in figure 2.9 and 2.10. The Rq value of each point of the graphs 
summarizes the roughness of a single line. The graphs developed from left to right 
shows the evolution along the hole. The Rq values at central area for LE typically 
range between 150 nm to 350 nm while the values for HE range between 200 nm to 
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550 nm. The average Rq value for HE and LE is 380 nm and 240 nm respectively 
as indicated in figure 2.9.  
 
 
 
Fig. 2.9: Rq parameter at the central area (evaluated line by line) for two parametric 
conditions. 
 
The variation of Rq value is also more frequent in LE condition due to the 
occurrence of a higher number of craters of small dimensions. These results 
confirm that increasing the current and discharge duration, the roughness increases, 
i.e., the formation of deeper and wider crater depends essentially on the energy 
used for erosion. In fact when current is released within short pulse duration (60 
ns) the interaction with the surface involves mainly the skin layer of the material. 
Consequently, energy transformed into internal heat is preferentially conducted 
over the hole surface than in the direction of depth (orthogonal to the surface). 
 
Fig. 2.10 reports Rq values acquired in three areas: no significant variation of 
average surface roughness is found with increasing the drilling depth. Although the 
range of Rq values varies, the average roughness for HE in out and central area is 
360nm, while in entrance area is 350 nm. For LE condition the average roughness 
for three zones are 240nm, 230 nm and 240 nm respectively. This demonstrates 
that the average surface roughness does not depend on the evolution of the drilling 
process during the penetration of the electrode inside the material.  
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(a) 
 
(b) 
Fig. 2.10: The evolution of the roughness inside the µ-EDM drilled hole for (a) HE 
and (b) LE. 
 
Fig. 2.11: Surface roughness Rq and drilling time as a function of discharge energy 
adopted. 
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Fig. 2.11 summarizes the variation of Rq and drilling through time with discharge 
energy adopted in the tested range. Rq increases almost linearly between LE and 
HE: the standard value adopted in production reveals surface roughness around 340 
nm and is highlighted in the graph. 
 
Increasing discharge energy it can be noticed a higher dispersion of the measured 
data even though no link can be traced back on the position of the measured area 
(entrance, central, out). This phenomenon can be explained with a more 
homogeneous material removal obtainable at low energy levels, as a result the 
surface recast layer is found to be more uniform and reproducible. 
 
Drilling time decreases non-linearly increasing discharge energy: it can be seen 
that to obtain the best surface quality (Rq =230nm) the drilling time results in an 
increase of 50% respect to the standard production condition used as reference. 
 
2.3.3 Drilling process optimization 
With the aim of obtaining a high surface quality (low Rq) in the shortest drilling 
time, an optimized drilling process (OP) can be hypothesized. Assuming that 
drilling with HE ensures an almost constant Rq of 360nm as demonstrated above, a 
fast refining process could be obtained switching to LE pulses when the electrode 
is at the exit position of the hole as shown in fig. 2.1. Lateral erosion at low energy 
(using a fresh cylindrical portion of the electrode) allows for a flattening effect on 
the whole cylindrical surface without increasing the nominal diameter of the drilled 
hole. The drilling is performed in HE conditions for the total thickness of 0.3 mm 
and then finished with circular planetary motion with LE pulse (using the same 
rotational speed and run-out value of HE) up to a depth of 0.5 mm  beyond the end 
of the hole along the z-axis, as indicated in fig. 2.1. The sense is that the roughing 
condition will provide fast machining with high surface roughness, and then a short 
(2 s) refining phase at the exit will smooth the crests formed during the rough 
removal. The reason for penetrating the tool far beyond the end of the hole is to 
achieve a cylindrical hole with a favorable surface finish, avoiding the worn 
(conical) tip of the tool used for the drilling process.  
 
The roughness of each sample for HE, LE and OP conditions, evaluated from every 
map acquired, is characterized by the map-averaged value Sq.  The comparative 
analysis is summarized in fig. 2.12. Data acquired in the three different 
investigated areas are shown in different colors. The Sq values are 370nm, 250 nm 
and 260nm in the out area, 380nm, 230nm and 240nm in the central area and the 
360nm, 240nm and 260nm in the entrance area for HE, LE and OP conditions 
respectively. This clarifies that refining at the exit after drilling with standard pulse 
energy decreases the surface roughness of about 30% with respect to the HE 
condition and comparable to those achieved in LE conditions. 
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Fig. 2.12: Histogram of the Sq (root-mean-square roughness averaged over the 
whole maps) values found in holes produced in different parameter condition. 
 
Adopting a 2s refining phase after a drilling though time of 10 s with HE, keeps the 
total drilling time of the OP condition within the limit of 12 s imposed by the 
standard production. This is a compromise for smoothing of the ridges on the 
whole thickness of the drilled material formed during the roughing operation. As a 
consequence, varying the energy level depending on the drilling position reached 
by the electrode can be considered as a feasible alternative to be adopted in 
production thus validating the hypothesis of drilling in two phases. 
 
 
Fig. 2.13: Rq parameters for three conditions: HE, LE and Optimized Process (OP)   
evaluated along the central area.  
 
The Rq values for the central area of the µ-drilled hole by EDM at HE, LE and OP 
condition is depicted in fig. 2.13. The Rq value of OP condition illustrates that the 
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height variation and alternations among the peaks and valleys is comparable to that 
of the LE. The reason of this behavior can be explained by the generation of low 
energy sparks which act through the lateral gap (higher than the frontal one) and 
only erode the crests on the previously generated cylindrical surface. The energy 
generated during the refining stage combined with the higher distance between 
electrode and workpiece is not sufficient to generate 15-20 µm sized craters as the 
drilling process. The periodicity of the surface resulting from the optimized process 
remains almost unchanged with respect to that obtained by refining with LE.  
 
2.4 CONCLUSIONS 
The inner surface morphology and roughness of the micro-drilled hole inside the 
fuel injector nozzle in different energy conditions is effectively characterized using 
SHFM with the purpose of developing an efficient drilling strategy. SHFM, 
originally designed to be a lab equipment, has proved to be a reliable and  
reproducible measuring technique enabling for a fast measurement of surface 
features up to the nano-scale (tens of nano) in restricted regions imposed by curved 
cylindrical surfaces of 150 µm diameter. The following conclusions can be derived 
from the acquired data: 
 The surface morphology reveals that for the highest discharge energy in 
the tested range, combining relatively long duration and high peak current, 
the material removal mechanism is governed by local vaporization of 15-
20 µm craters. Craters size decreases up to 5-7µm for the lowest discharge 
energy adopted. 
 Roughness profiles derived from the acquired surface maps testify that, 
within the experimental range of process parameters, an almost linear 
relationship exists between discharge energy and surface quality.  
 Deep and wide craters generated by high currents and long pulse-on 
duration can be smoothed by final refining phase at low spark energy 
resulting in an average peak-to-valley distance of 230 nm with a 
periodicity of 8-9 µm. Surface roughness is decreased of about 32% with 
respect to the conventional production process condition, maintaining the 
same process time of 12 s. 
 
As final remark, a proper modulation of process parameters in different position of 
the electrode allows for values of surface roughness which are not far from those 
normally obtainable after an electrochemical etching phase without rounding the 
hole edges which is a common and unavoidable drawback of  ECM.  
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CHAPTER 3 
WATER JET GUIDED LASER AS AN ALTERNATIVE TO 
EDM FOR MICRO-DRILLING OF FUEL INJECTOR 
NOZZLES: A COMPARISON OF MACHINED SURFACES 
 
 
 
 
This chapter describes the characterization of the inner surface of the fuel injector 
nozzle holes drilled by EDM and water jet guided laser drilling (Laser Micro-Jet) 
with a specifically conceived scanning probe microscopy technique with true non-
contact operating mode. A difference in morphology of the drilled surfaces was 
evident from the acquired surface topography along the hole axis for the two 
compared drilling techniques. Results showed that the surface texture can be 
characterized by (i) maximum peak-to-valley distance and (ii) periodicity. 
Acquired maps confirm that electro-eroded surfaces are an envelope of craters 
randomly distributed with total excursion up to 1.7µm with a crater size of 15µm. 
While, the efficient melt expulsion and immediate cooling of water jet guided laser 
generates a peak to valley distance of 800nm with a periodicity of 18µm. Average 
Rq derived from the measured cylindrical surfaces was 450 nm and 150nm for 
EDM and Laser Micro-Jet respectively. Water jet guided laser drilling was proved 
to be a reliable alternative to EDM from the point of view of repeatability of the 
results and surface quality to facilitate the atomization of the fuel jet. 
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3.1 INTRODUCTION 
Fuel injection devices are designed for directing and optimizing the fuel flow into 
the combustion chamber. The fuel is forced through the injection nozzles under 
high pressure is assumed to form a liquid core which is then broken-up and 
atomized into a spray. Fuel spray atomization strongly depends on diameter, 
surface roughness, inlet chamfer radius etc., of the nozzle [1]. The diameter and 
depth of the fuel injection nozzles are adjusted to the desired flow rate, speed and 
pressure. The compliance with predefined geometry parameters limits the 
manufacturing tolerances for fuel injection holes which are more and more 
tightened by a trend towards shrinking hole diameter and increasing throughput. 
Thus, the manufacturing of the nozzles require very high precision machining. 
 
At present, Micro-Electrical Discharge drilling (µ-ED drilling) is well established 
in the field of manufacturing metal pieces with complicated geometries, such as the 
drilling of nozzles for diesel and gasoline injection. The high flexibility with 
respect to workpiece geometry and material is a distinguishing advantage of the 
Micro-Electrical Discharge Machining (µ-EDM) process. The technique remains 
the method of choice for drilling hard conductive materials of diameters down to 5 
μm. The geometry of the holes is very important to the injection nozzle market [2], 
which has improved quality and product performances. 
 
In the field of µ-EDM an impressive amount of fundamental research has been 
done [3]. Different groups examine the single process parameters (e.g. discharge 
voltage, peak current, pulse properties, polarity, electrode gap), their interaction [4] 
and the improvement of the process performance. Recent studies in the µ-EDM 
technology are generally focused on improving surface quality, geometrical shape 
and obtaining high aspect ratios in micro-holes [5]. Masuzawa et al [6] proposed a 
µ-EDM system for deep-small hole drilling. Li et al [7] proposed an inchworm-
type micro feeding mechanism and showed that micro-holes with an aspect ratio of 
20 can be obtained. Wansheng et al [8] introduced ultrasonic vibration into µ-EDM 
and reported that holes with a diameter of 0.2 mm and an aspect ratio of 15 can be 
machined. Diver et al [2] investigated the fabrication of reverse tapered holes in 
EDM systems.  
 
Being EDM a common technique in micromachining, the surface characterization 
was investigated in the literature by means of several techniques. Lee and Tai [9] 
measured the total length of the cracks in the scanning electron microscopy (SEM) 
photograph while Ramasawmy and Blunt [10] studied the 3D surface topography 
of the EDM specimen using 3D tip profilometry with a diamond tip.  Since an 
understanding of the surface texture of the EDM specimens up to the micro scale 
was especially desirable, Guu [11] analyzed the three-dimensional images of AISI 
D2 tool steel machined by the EDM process by means of Atomic Force 
Microscopy (AFM) technique [12].  
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Despite of its extremely large spatial resolution, AFM based techniques suffer from 
two major technical drawbacks when used in the context of surface finishing 
assessment. The first one is related to the physical size of the probe, typically 
shaped in the form of a cantilever with a small pyramidal tip at the end. Analysis of 
curved surfaces, such as those obtained by micro-drilling (µ-drilling), is 
cumbersome because of possible mechanical interactions between the cantilever 
and the surface, leading to distortions in the reconstruction of the investigated 
surface. The second issue is associated with the operation mode of the AFM: 
though several non-contact operating modes have been developed based on 
tapping, i.e., on a periodical modulation of the tip-to-surface distance, intermittent 
contact may lead to probe blunting. Alderighi et al. [13] investigated the effect of 
tip wearing as one of the most relevant problems in the frame of nanoindentation, 
being detrimental in terms of spatial resolution. Bhushan [14] found that the use of 
ultra-hard tips (e.g., diamond-made) prevents such artifacts but lead to unwanted 
surface modifications and scratching.  
 
Contrary to non-contact AFM, Shear Force Microscopy (SHFM) involves 
oscillation of a tiny tip along the direction parallel to the surface of the sample to 
sense the tip-to-surface distance that enables overcoming the aforesaid limitations. 
The technique, belonging to the more general class of Transverse Dynamic Force 
Microscopy (TDFM) [15], has been originally used in order to establish an 
effective feedback mechanism able to keep the tip-to-surface distance constant in 
scanning near-field optical microscopy [16,17]. Within this frame, Karrai and 
Tiemann [18] developed an experimental configuration which, among other 
advantages, allows for true non-contact operation while ensuring a spatial 
resolution which can reach the nanometer level [19-21]. 
 
Current production techniques based on EDM drilling are therefore faced with new 
challenges, as the holes are getting smaller, tooling cost is higher as frequent 
breakage of electrodes occurs [22]. Attempts have been made by a number of 
research groups and companies to use nanosecond pulsed laser drilling instead of 
EDM. However, the hole quality cannot meet the industrial standard as laser 
drilling with short pulses (micro and nanosecond) typically produces larger recast 
and heat affected zones [23]. As there is quite a big amount of melt involved in the 
process, the quality and reproducibility of the holes is rather low. Although the use 
of ultrashort pulsed lasers such as femto-second lasers could provide better quality 
holes with less thermal damage [24], the drilling time and depth of focus could 
represent a remarkable limit in drilling holes with aspect ratio of less than 10 [25]. 
 
A possible way to mitigate the thermal effect of long (millisecond- microsecond) 
pulse lasers is represented by the use of a thin water jet to guide a powerful laser 
beam, sufficient to vaporize metals. The water jet guided laser, also known as 
Laser Micro-Jet (LMJ) material processing, later has been exploited for an 
industrial application [26]. As the diameter of the jet (25– 150 µm) is large 
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compared to the wavelength of the lasers (≈ 1 μm), the jet is comparable to a 
multimode fiber. Propagation of light in multimode fibers is usually characterized 
by a finite number of guided modes, refractive and tunneling leaky modes that are 
partially guided, and a continuum of radiation modes [27].  The water jet 
simultaneously cools the workpiece and removes the molten material and 
processing debris [28]. The LMJ is now used in a variety of applications like wafer 
dicing, solar cells, integrated circuits, stencils, etc. More recently, research was 
carried out to develop this technology for high precision machining for automotive 
industry applications, like for drilling fuel injection nozzle and as a result, very 
competitive speed and required quality were achieved [29].  This results in having 
a laser cutting mechanism, which has an extremely long cutting distance and not 
restricted to the short working range of a conventional focused dry laser.  
 
3.1.1 Research objectives 
The manufacturing of fuel injector nozzles requires micro-holes (µ-holes) with 
aspect ratio (thickness/hole diameter) between 1.4 and 2 (at the working pressure 
of 30-40 MPa) which can be obtained by both µ-EDM and LMJ. This is because 
short-hole fluid-dynamics was found to give the highest atomization of the fuel jet 
which undergoes to the recent EU5 regulation on particle emission. As a 
consequence controlling spray penetration by a proper selection of hole geometry 
and surface conditions, is becoming a key factor for the automotive sector which 
requires in turn understanding the main differences between two alternative 
machining processes. The phenomena linking particle emission to spray hole 
geometry and surface quality are only poorly investigated and need for further 
scientific efforts.  A prerequisite for improving the knowledge in this field is the 
definition of a reliable and repeatable measuring technique which enables the 
identification of the difference in surface finishing between the two processes, up 
to the nanoscale. Obviously, access for metrological characterization is very 
limited to the inside surface of deep and narrow µ-holes [30]. Scanning Electron 
Microscopy (SEM) and digital optical microscopy can be only used to determine 
the hole diameter and to receive an image of the inner surface adjacent to the outlet 
edge. Quantitative measurements of complete surface profiles or topographical 
information from deep inside the hole requires sectioning the fuel injector nozzle 
along its axis. Surface imaging at very high spatial resolution can be carried out by 
a variety of scanning probe techniques such as AFM, and Scanning Tunneling 
Microscopy (STM) (sometimes also used for nanoscale electro machining [31]). 
The especially conceived microscope used in the present research offers a true non-
contact operation with a spatial in-plane resolution in the 10 nm range. The 
selection of such a technique can provide a more reliable investigation about the 
three dimensional (3D) surface analysis and understanding the nature of machined 
surface. The SHFM analysis of the inner surface is beneficial in understanding 
whether a selected drilling technique can perform the desired standard of spray 
atomization or not. Moreover, the concept of comparative analysis of the inside 
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surface of the nozzle holes drilled by µ-EDM and LMJ has not been reported yet. 
In short, this study is therefore focused on: 
 Characterizing the inner surface of the holes drilled by µ-EDM and LMJ 
technique, and measuring its roughness with a specifically conceived 
scanning probe technique.  
 Performing a comparative analysis of the surface structure obtained by µ-
EDM and water jet-guided laser drilling. 
 
3.2 EXPERIMENT 
 
3.2.1 Specimen design 
The material selected for the experimental study is AISI 440C (pre-hardened and 
tempered). This stainless steel is commonly used in automotive industries for the 
fabrication of fuel injectors since it combines high hardness and good resistance to 
chemical corrosion. Arrays of 5x5 cylindrical holes with a nominal diameter of 180 
µm are performed on 300 µm thick samples. The sample thickness is selected 
considering that the aspect ratio (thickness/hole diameter) for fuel injector nozzles 
ranges between 1.4 and 2. Samples to be drilled are cut by wire-EDM from a 
cylindrical bar with the selected thickness, to avoid the occurrence of distortions in 
the roundness which may occur on a laminated material under the effects of 
residual stress. Table 3.1 lists the chemical composition (in weight percent) of the 
AISI 440C stainless steel. 
 
Table 3.1: Chemical compositions of AISI 440C Stainless Steel 
 
Element 
C Cr Mn S Si Mo Se Fe 
Composition 
(in wt. %) 
0.95-
1.2 
17.2 1.00 0.015 1.00 0.75 0.20 Remainder 
 
3.2.2 Experimental setup  
Samples defined above are drilled with the EDM and LMJ obtaining matrices of 25 
µ-holes to afford repeatability of drilling results. Concerning the drilling process 
adopted in the present research, machining setup can be summarized as follows.  
 
3.2.2.1 Micro-EDM 
For µ-EDM tungsten carbide electrode is used, while de-ionized water is used as 
dielectric fluid. An operation of tool flattening, called dressing is performed before 
the hole is drilled. The aim is to compensate the lateral wear of the electrode and to 
ensure same conditions for machining of each hole. During the dressing step, 
positive polarity (electrode positive and work piece negative) is used. Then the 
polarity is changed, the tool is charged as cathode and work piece as anode for the 
drilling process. Negative polarity is used since the discharge duration is 
specifically in nano-second range. It helps to achieve the melting of material by 
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impacting electrons as well as to reduce the tool wear. To guarantee good quality at 
hole exit, the electrode penetrates beyond the end of the hole. Both the dressing and 
drilling occurs rotating the tool at 800 rpm. The tool is displaced from the axis of 
rotation of a quantity known as run-out (20µm). It allows better flushing of the 
dielectric and to drill hole diameters larger than the electrode diameter.  
 
To receive small discharge energies for µ-drilling and high surface quality, 
generators based on capacities, known as relaxation generators, are used. µ-EDM 
machine is composed of a SARIX SX-200 (Switzerland) pulse generator. The 
principle setup of a relaxation generator is a direct current source in combination 
with RC circuits. The discharge duration and discharge current depend on the value 
of the capacity and cannot be controlled independently. For this reason, it is 
assumed that peak current and pulse duration are the principal factors which 
influence surface morphology and roughness.  
 
Table 3.2: Experimental conditions for µ-EDM 
Dielectric De-ionized water 
Work material AISI 440C Stainless Steel 
Electrode material Tungsten Carbide 
Electrode diameter 80 µm 
Polarity  Negative 
Pulse energy 15 µJ 
Voltage 150 V 
Peak current 7 A 
Pulse-on duration 100 ns 
Frequency 150 KHz 
Erosion increment in Z-axis -0.8 mm 
Cycle time  10.5 s 
 
The experimental conditions for µ-EDM adopted in this work are shown in table 
3.2. The input parameters selection determines Standard Pulse Energy (SE) drilling 
condition, to obtain spray holes in a minimized cycle time for the drilling of fuel 
injectors. 
 
3.2.2.2 Laser Micro-Jet (LMJ) 
Posalux HP1 laser drilling Machine is employed for drilling fuel injector nozzles 
by water guided laser or Laser Micro-Jet technology. The LMJ drilling machine is 
mounted with a steel shell housing withstanding the laser light and a natural granite 
stone structure with two horizontal linear motor axis system. Two rotary axis 
systems and a vertical linear axis gives additonal part and laser head orientation 
capability. A fully integrated water conditioning unit produces the clean and gas 
free water with high pressure and flow rate needed for the LMJ process. The 
clamping fixture design depends on the part type and the part reference surfaces. 
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Fig. 3.1 shows part fixture and the coupling unit mounted on the laser head 
employed for this experiment.  
 
 
Fig. 3.1: Experimental set-up of laser head and coupling unit with part clamping 
fixture for Laser Micro-Jet (LMJ). 
 
A laser of Class 4 with first harmonic in the near-IR radiation wavelength region is 
mounted in the machine and the schemetic of the principle is shown in fig. 3.2 [29]. 
This laser light is transported via an optical fiber to the LMJ laser head. On the 
bottom of this head is mounted the coupling unit. Clean, demineralized high 
pressure water flows through a special nozzle and forms, together with a low 
pressure helium gas flow, a very stable water jet. The laser beam is focused and 
aligned through a window into the nozzle. The laser beam completely fills the 
water jet and is guided by total internal reflection at the water-air interface 
(refractive index for air is lower than for water). The water column formed will act 
as an optical fiber and guide the laser beam to the work surface. The only losses are 
caused by the absorption in the liquid, depending on the applied wavelength, and 
Raman-scattering at high peak powers. Light random interference generated by 
multiple reflections at the water-air interface generates an almost constant energy 
distribution. The water jet diameter is about 83% of the nozzle diameter because of 
the usage of sharp-edged nozzles and the consequential jet retraction effect (vena 
contracta). The consistency length of this water jet is about 1000 times the jet 
diameter. Once the water jet is split off, the laser power is no longer concentrated 
and is diffracted. 
 
The drilling strategy adopted in case of LMJ makes use of a pilot through hole of 
about 25 µm which is progressively enlarged by moving the LMJ along a spiral 
trajectory up to the imposed nominal diameter of the hole.  
Laser Head 
Part clamping  
fixture 
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Fig. 3.2: Schematic of the LMJ working principle [29]. 
 
Table 3.3: Experimental conditions for Laser Micro-Jet (LMJ) 
Laser 
Laser type  Industrial Nd:YAG, classical resonator 
Transverse mode Multimode 
Polarization Random 
Wavelength 1064nm 
Average power 18 W  
Peak Power (Wpeak) 450 W 
Pumping source Diode Pumped 
PRF (pulse repetition frequency) 2000 Hz 
Pulse duration range 20µs  
Pulse energy 9 mJ 
Fluence 2866 J/cm2 
Specific power 5.7 MW/cm2
Process water and gas 
Process water Demineralized water 
Conductivity < 0.5 µS/cm 
Water nozzle diameter 20 µm 
Water pressure 500 bars 
Jet tangential speed 1.3 mm/s 
Cycle time 4s 
Process gas Helium (97.5% purity), Filtered air  
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The experimental conditions for LMJ adopted in this work are shown in table 3.3. 
The input parameters of laser along with the water jet are considered. 
 
3.2.3 Sample preparation 
After drilling with µ-EDM and LMJ, five holes of both conditions are cross-
sectioned along the hole axis to analyze the produced inner surface (fig. 3.3). Cross 
sections are obtained by cutting with a diamond disc up to the circular edge of the 
hole and consequently finished with a rotating grinder. This operation is carried out 
under a 100x (maximum magnification) stereo microscope to identify the position 
of micro-hole as well as the presence of residuals (burrs or contamination). 
Residuals of the preparation process are removed during a final step of ultrasonic 
cleaning in ethanol for 20min. The samples are then analyzed by using Scanning 
Electron Microscope (SEM, JEOL 5600LV) to visualize the generated surface 
quality and to characterize the geometrical features along the axis of the hole. SEM 
is used also as a cross check measuring equipment to afford the robustness of the 
surface analysis. 
 
 
 
Fig. 3.3: SEM Picture of the cross-section of the drilled holes 
 
3.2.4 Surface morphology and roughness measurements 
The surface morphology and roughness of the machined specimens is carried out 
by a Shear Force Microscope (SHFM), a scanning probe instrument based on the 
shear forces [18] occurring between a tiny metal tip and the surface itself. The 
detail of the measuring technique is described in section 2.2.3 of chapter 2.  
 
The µ-drilled hole is analyzed in three different areas as shown in fig. 3.4: one 
close to drill starting point, one in the center, and the third one at the end of the 
hole (where the drilling process ends). In all maps, the row by row raster scan starts 
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from the top and progresses slowly toward the bottom. The sample is mounted in 
order for the rows to be orthogonal with respect to the hole main axis. 
 
 
 
Fig. 3.4: Different investigated areas of the sample: (a) the entrance area, (b) 
central area and (c) the exit area. The segments drawn in areas (a) and (c) represent 
the direction of the rows and columns, respectively, used in the analysis. 
 
3.3 RESULTS AND DISCUSSION 
 
3.3.1 Precision and taper angle 
Being µ-holes designed for fuel injector nozzles the static flow governed by hole 
diameter and taper angle has to be maintained within the design limit. To ensure 
the precision of the drilling process diameters and taper angles of 25 µ-holes were 
checked, for both technologies, on a coordinate measuring machine (Werth Inc, 
Germany). Data on the hole diameter reveal a variability of 2-3µm for EDM and 
less than 1µm for LMJ. This result can be traced back to the higher precision of 
LMJ in obtaining the imposed diameter. Concerning the taper angle, evaluated 
from the difference in entrance and exit diameter of the hole respect to the drilled 
thickness, the deviation from the theoretical cylindrical shape is about 1% for both 
technologies.  
 
3.3.2 Surface morphology 
Selected images of the machined specimens by µ-EDM and LMJ are analyzed by 
means of SEM as shown in fig. 3.5. 
Z
a- Rq row evaluation
c- Rq column evaluation
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(a)                                                 (b) 
Fig. 3.5: The SEM images of the AISI 440C steel after machining by (a) Micro-
EDM (µ-EDM) and (b) LMJ. 
 
The surface topography for the specimen machined by EDM (fig. 3.5a) is an 
envelope of discharge craters and the average crater diameter is about 15-20 µm. 
The surface is covered with debris particles around the craters since they are 
expelled violently during electrical discharges and re-solidified on the surface after 
the discharge stops. The material removal mechanism is governed by isotropic 
vaporization. Concerning LMJ, the presence of stripes along the axis of the drilled 
hole is noticeable in fig. 3.5(b). The diameter of the water jet determines the 
diameter of the laser beam. Therefore, stripes on the inner surface are developed in 
a quasi-periodic nature during the step-by-step motion of the water jet relative to 
the workpiece. As the water jet guides the lasers down to the bottom of the drilling, 
the stripes on the inner surface of the generated hole are parallel each other. This 
predominant orientation together with the periodic nature suggests that stripes are 
generated in a continuous extrusion of the melt layer by the water jet. Melt layer on 
the inner wall is generated by the thermal action of the laser in the time interval 
between two successive positions of the LMJ. Considering that the Computer 
Numerical Control (CNC) which controls the reciprocal motion between jet and 
workpiece is calculating a moving step for all axis in the time interval of 2 ms, four 
laser pulses (20 µs each) are deployed to the workpiece at the given repetition rate 
(2 kHz) in a single position of the jet. The generated surface then is represented by 
a continuous envelop of longitudinal stripes whose spacing can be traced back to 
the jet diameter and to the distance travelled in the time interval of 2 ms at the 
given drilling speed. 
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Fig. 3.6 shows the 3D representation of machined surface obtained by SHFM from 
µ-EDM and water guided laser drilling thus confirming the qualitative observations 
of the SEM pictures. The SHFM analysis reveals a maximum peak to valley 
distance of 3 µm for µ-EDM and 1.4 µm for LMJ drilling. It can be noted that the 
vertical scales are different for the two techniques as a consequence of the larger 
unevenness generated by the electro-erosion. Moreover, the texture appears 
remarkably different, with relatively large irregular features in EDM and much 
smaller and parallel features in LMJ drilling. 
 
 
(a)                                                                   (b) 
Fig. 3.6: 3D representation of the SHFM measured surfaces of the AISI 440C steel 
after (a) µ-EDM, (b) LMJ drilling. 
 
Fig. 3.7 shows an overview of the SHFM topography images of the machined 
surface for both techniques. For each technique the three scanned maps, 
corresponding to the areas indicated in figure 3.4, are vertically aligned. The color 
scales of the maps range through zero to 3 μm and 1.4 μm for µ-EDM and LMJ 
drilling, respectively. The maps of different areas of the same specimen share the 
same scale, as presented close to the images at the bottom. In all maps, dark colors 
correspond to lower surface zones (e.g., valleys, craters). The topography shows 
the differences in morphology of the drilled surfaces. Crater boundaries and droplet 
formation can be easily recognized in the µ-EDM maps while formation of stripes 
i.e., recast layers along the hole axis, is evident in the LMJ maps. This implies that 
with the use of SHFM it is possible to detect the morphological characteristics for 
the two techniques with their related peculiarities.  
 
Z max (1400nm)Z max (3000nm)
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(a)                                      (b)  
Fig. 3.7: SHFM topography maps acquired on three areas of holes drilled by (a) µ-
EDM, (b) LMJ. 
 
 
 
Fig. 3.8: Cross-sectional profile of the maps along the identified segments on fig. 
3.7, central area. 
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A more quantitative assessment of the sample morphology is obtained by 
sectioning the maps along one line (as for instance in the central area of fig. 3.7) 
and comparing the so-derived line profiles: fig. 3.8 reports the two line profiles 
extracted from fig. 3.7 for both techniques. Due to the homogeneity of the surface 
texture, presented values in a generic position are well representative of the 
behavior of the whole area. The comparison obviously confirms the effects of 
different parametric conditions on the surface texture. The comparison is based on 
(i) maximum peak to valley distance and (ii) structure periodicity. From the point 
of view the total height excursion, the height varies between -700 nm to +1000 nm 
for µ-EDM and -350 nm to +450 nm for LMJ drilling (note that the zero height 
position is here chosen to correspond to the average height of the line). In fact, the 
maximum distance between peaks and valleys is around 1700nm for µ-EDM and 
800nm for LMJ. Fig. 3.8 reveals that µ-EDM resulted in an uneven primary 
structure which reflects the crater size of 15µm. 
 
In the LMJ sample, despite of an apparent more frequent alternation between peaks 
and valleys, a roughly periodic pattern is obtained. The extremely localized melt 
extrusion generated by the water jet and the immediate cooling enables the 
generation of longitudinal stripes. Their periodicity can be evaluated through Fast 
Fourier Transform (FFT) on row-averaged maps. The FFT spectrum demonstrates 
periodicity with a prominent wavelength around 18 µm, similar to the water jet 
diameter, and less pronounced peaks corresponding to wavelengths in few µm 
range the latter in agreement with the estimation based on the extrusion of the melt 
layer by the water jet. 
 
3.3.3 Surface roughness 
To analyze the effect of the selected parameters of µ-EDM on surface roughness, 
the acquired SHFM maps were analyzed by the conventional roughness parameter 
Rq (root-mean-square surface roughness). To understand the evolution of roughness 
inside the µ-drilled hole along the drilling direction, the row by row evaluation of 
Rq value for both the µ-EDM and LMJ drilling is shown in fig. 3.9. Each point of 
the graphs summarizes the roughness of a single line. The graphs developed from 
left to right shows the evolution along the hole. The Rq values at central area for µ-
EDM typically range between 220 nm to 680 nm while the values for LMJ range 
between 110 nm to 170 nm. The average Rq value for µ-EDM and LMJ is 450 nm 
and 150 nm respectively. The variation of Rq value seems more frequent in LMJ 
drilling since the generation of longitudinal stripes is linked to the relatively small 
jet diameter. For µ-EDM, when current is released within short pulse durations 
(100ns) the interaction with the surface involves only skin layer phenomena. 
Consequently, energy transformed into internal heat is preferentially conducted 
normally to the z direction, i.e., orthogonal to the surface.  
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Fig. 3.9: The evolution of the roughness inside the hole drilled by µ-EDM (blue 
line) and LMJ (red line). 
 
Fig. 3.9 also reports Rq values acquired in three areas of the hole drilled by µ-EDM 
and LMJ and no significant variation of average surface roughness is found with 
increasing the drilling depth. Although the range of Rq values vary, the average 
roughness for µ-EDM is 470nm, 450nm and 440nm for out, central and entrance 
area, respectively. For LMJ, the average roughness for the three zones is 220nm, 
150nm and 140nm respectively. This demonstrates that the average surface 
roughness does not depend on the evolution of the drilling process, at least for the 
aspect ratio applied in the case of fuel injector nozzles. 
 
 
Fig. 3.10: Rq evaluated (central zone) along the rows (blue and red lines) and the 
columns (green and purple lines) in a hole drilled by the µ-EDM (green and blue 
lines) and LMJ techniques (purple and red lines). 
 
Fig. 3.10 depicts comparative Rq values acquired along rows (corresponding to the 
X-direction of fig. 3.4) and columns (Z-direction of fig. 3.4) of the same map for 
the specimens drilled by µ-EDM and LMJ and unravel the occurrence of sub-
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structures of the morphology. Graphs reported in fig. 3.10 are the envelope of 
linear roughness calculated along lines or columns of the scanned area in order to 
evaluate the differences in the evolution of Rq along the vertical or horizontal 
directions. The result of the analysis applied to a single hole produced with the 
LMJ technique shows that Rq evaluated along the rows (red line) keeps an almost 
constant value around 150nm, whereas Rq along the column (purple line) has 
higher variations, peaking to 250nm. The difference in Rq values obtained by rows 
and columns clearly highlights the anisotropy produced by the LMJ technique. This 
is a consequence of the longitudinal striations generated onto the melt layer by the 
water jet action, which are roughly aligned along the hole axis. Fig. 3.10 also 
shows the analysis of Rq by row (blue line) and by column (green line) carried out 
on a hole processed with the µ-EDM. The results reflect larger isotropy of the 
surface featuring mostly quasi-circular, morphological structures. 
 
A further analysis concerns the repeatability of the drilling techniques in obtaining 
the same results. Averaged Rq on the whole central area (Sq) is evaluated as shown 
in fig. 3.11 with the aim of verifying the repeatability of the measurements on five 
different holes (1 array of the drilled matrix as in fig. 3.3) for µ-EDM and LMJ.  
 
Fig. 3.11: Evaluation of averaged surface roughness (Sq) on the central area for five 
different holes. 
 
Measurements show a surface averaged roughness Sq of 450 nm for EDM and 150 
for LMJ with standard deviations of 24% and 15%, respectively. LMJ is then found 
to be more repeatable for the generation of a determined roughness profile with 
respect to EDM whose surface is characterized by a random distribution of craters. 
 
3.4 CONCLUSIONS 
It has been proved that it is possible to give fundamentals to the surface 
characterization of spray holes for the nozzle of a fuel injector by means of the 
Shear Force Microscopy. Measurements can be used for a standardized analysis 
based on conventional parameters (Rq) allowing for a comparison among different 
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drilling techniques. Results presented here have been attained with a specific 
choice of the process parameters for both EDM and LMJ-machined pieces. Such 
parameters derive from a past activity devoted to process optimization, and lead to 
rather uniform and smooth surfaces in both cases. Therefore, the comparison 
between the finishing properties of the machined surfaces should not be taken as 
general, in the sense that modification of any process parameters might lead to 
different results. In the range of parameters and aspect ratio considered in this 
study, the following points can be concluded: 
 
 Electro-eroded surfaces are an envelope of craters randomly distributed 
with total excursion (maximum peak-to-valley distance) up to 1.7µm with a 
crater size of about 15µm. Water jet guided laser machined surfaces are 
much smoother and characterized by recast layers along the hole axis. The 
powerful melt expulsion and immediate cooling of LMJ generates a peak to 
valley distance of 800nm with a longitudinal aligned primary structure 
associated with the step-by-step motion of the water jet relative to the 
machined piece.  
 Concerning the measured roughness both techniques offer an uniform 
texture along the hole axis at least up to the drilled thickness of 300 µm. 
EDM generates an isotropic averaged Rq of about 450 nm while LMJ 
enables to machine surfaces characterized by an oriented and peculiar 
longitudinal primary structure with a whole roughness of 150 nm.  
 As a final remark, LMJ drilling has proved to be not only a reliable 
technique from the point of view of repeatability of the results, but also 
much more beneficial with respect to µ-EDM to obtain a smooth surface 
which should facilitate the atomization of the fuel jet. 
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CHAPTER 4 
EXPERIMENTAL CHARACTERIZATION OF THE INNER 
SURFACE IN MICRO-DRILLING OF SPRAY HOLES: A 
COMPARISON BETWEEN ULTRASHORT PULSED LASER 
AND EDM  
 
 
 
In this chapter, the inner surface characteristics of micro-drilled holes of fuel 
injector nozzles are analyzed by Shear Force Microscopy (SHFM). The surface 
texture is characterized by maximum peak-to-valley distance and periodicity whose 
dimensions are related to the adopted energy. 180µm diameter holes are drilled 
using ultrashort pulsed laser process using pulse energies within the range of 10 µJ 
and 50 µJ. Laser ablated surfaces in the tested energy range offer a smooth texture 
with a peculiar periodic structure with a variation in height between 60-90 nm and 
almost constant periodicity. The Scanning Electron Microscopy (SEM) photograph 
of the Laser Induced Periodic Surface Structure (LIPSS) showed the co-existence 
of Low Spatial Frequency LIPSS (LSFL) and High Spatial Frequency LIPSS 
(HSFL). A comparative analysis is carried out between the highest laser pulse 
energy in the tested range energy laser drilling which enables the shortest 
machining time and micro-Electrical Discharge Machining (µ-EDM). On a 
contrary, results showed that surfaces obtained by electro-erosion are characterized 
by a random distribution of craters with a total excursion up to 1.5 µm with a 
periodicity of 10 µm. The mean-squared surface roughness (Rq) derived from the 
scanned maps ranges between 220-560 nm for µ-EDM and 50-100 nm for fs-pulses 
laser drilling. Moreover, the fs laser drilling generated sharp edges with radii 0.6 
µm compared to conventional electro erosion which ultimately affects the flow 
stability and atomization of the jet. 
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4.1 INTRODUCTION 
The reduction of particle formation in fuel engines which should lead to the 
upcoming EU6 limits is strictly linked to the atomization of the fuel jet [1]. An 
atomized jet should be able to avoid wet parts in the engine or droplet formation. 
This could avoid the stoichiometry of the combustion process to be unstable and 
not uniform in the chamber. As a result, together with the increase of internal 
pressures (up to 50 MPa) and working frequencies (1 KHz), the machining of 
micro-holes (µ-holes) for fuel injectors is gaining the attention of the automotive 
engineering. Common spray holes for fuel injectors are characterized by diameter 
ranging between 150-200 µm and a thickness of 250-350 µm. The sharpness of the 
machined edges of the µ-hole combined with a smooth internal surface can exploit 
best performance in terms of jet breaking and atomization of the fuel spray [1]. 
 
From process point of view, the possibility of characterizing the internal surface of 
spray holes represents a key point of focus for the producers. This analysis is 
beneficial in understanding whether a selected drilling technique can perform the 
desired standards of spray atomization or not. For many years, spray holes for 
gasoline injectors have been made by means of Electrical Discharge Machining 
(EDM) eventually combined with electrochemical polishing [2]. This is a well-
tested technology which has proven to be reliable, however many limitation exist 
with regard to flexibility and surface quality [3]. In [3] researchers stated that 
adopting low energy pulses EDM process enables a maximum Ra of about 0.3 µm. 
This is because discharge energy produces very high temperatures at the point of 
spark on the surface of the specimen removing the material by melting and 
vaporization. The top surface of the workpiece re-solidifies and cools extremely 
quickly. This process causes a ridged surface and may induce micro-cracks due to 
the high tensile residual stresses in the surface layer [4].  
 
Being EDM a common technique in micromachining, the surface characterization 
was investigated in the literature by means of several techniques. Lee and Tai [5] 
measured the total length of the cracks in the Scanning Electron Microscopy 
(SEM) photograph while Ramasawmy and Blunt [6] studied the 3D surface 
topography of the EDM specimen using 3D tip profilometry with a diamond tip.  
Since an understanding of the surface texture of the EDM specimens up to the 
micro scale was especially desirable, Guu [7] analyzed the three-dimensional 
images of AISI D2 tool steel machined by the EDM process by means of Atomic 
Force Microscopy (AFM) technique.  
 
Concerning drilling alternatives, laser technologies, combined with precise 
scanning heads or trepanning optics, are now offering new options respect to the 
last decade in which only short pulses (micro and nanosecond) were available as 
robust production sources. Micro- and nanosecond pulses show high production 
rates against low quality generated by melt accretions and thermal damage of the 
workpiece [8, 9]. As there is large amount of melt ejection and spatter formation 
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involved in the process, the quality and reproducibility of the holes is rather low 
[10]. If higher precision is needed, short and ultrashort pulses in combination with 
adequate drilling strategies have to be applied. The most shared definition of 
ultrashort pulse is reported in [11]: a pulse is ultrashort when the diffusion depth 
during the pulse is in the same order or less than the skin layer depth. In case of 
metals 1 ps can be retained a threshold value for the transition from cold to hot 
ablation. According to [8, 11] the effect of pulse duration on Heat Affected Zone 
(HAZ) can be explained by comparing the pulse duration Tl with electron 
relaxation/cooling time Tel (in the order of 1 picosecond) and the time for electron 
to transfer energy to lattice Tion (lattice heating time). Tel and Tl are proportional to 
the heat capacity and since electrons have a much smaller heat capacity than the 
lattice, therefore Tel << Tion. For pulses in the femtosecond range (Tl << Tel << Tion) 
the pulse duration is much shorter than the time required for electrons to relax and 
transfer energy to the lattice. Electrons are heated instantly and in about 1 
picosecond they transfer energy to the positive ions. If the energy is high enough, 
which is common for ultrashort pulses, the ions get energy which is high enough to 
break the lattice bonding. Direct solid vapor transition occurs because of 
insufficient time to transfer energy to the neighboring lattice ions. Heat conduction 
is thus negligible and HAZ is minimal. Consequently ultrashort laser pulses allow 
less thermal damage and a nearly melt free ablation, if it is worked close to or 
under the ablation threshold [12].  
 
As depicted above the design of fuel injector nozzles requires a detailed 
characterization of the µ-holes from the point of view of flow stability and 
atomization of the jet. The aim of the present research is to identify whether 
ultrashort pulsed laser drilling is better than conventional micro-EDM (µ-EDM) for 
the drilling of spray holes. This implies evaluating how the surface texture is 
varying as a function of pulse energy for ultrashort pulsed laser and to compare the 
inner surface generated in the shortest drilling time with the conventional results 
obtained in production by µ-EDM. Therefore, a reliable measuring technique is 
needed to acquire the topography of the machined surface with the twofold 
objective of understanding differences in the removal process when ultrashort 
pulsed laser process parameters with different energy levels are used and 
quantifying the occurrence of surface asperities on the machined surface. The basic 
idea is to use an experimental method, namely the Shear Force Microscopy 
(SHFM) designed for nanostructuring of flat surfaces and convert it to acquire the 
topography of cylindrical surfaces machined by electro-erosion or by laser 
ablation. The measuring procedure thus developed should be able to identify the 
peculiar textures generated by the two processes along with a standardized value of 
the average roughness throughout the thickness of the sample.  
 
4.2 EXPERIMENTAL DETAILS 
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4.2.1 Sample preparation 
The material selected for experiments is AISI 440C stainless steel (pre-hardened 
and tempered). This stainless steel is commonly used in automotive industries for 
the fabrication of fuel injectors since it combines high hardness and good resistance 
to chemical corrosion. The sample thickness is selected considering that the aspect 
ratio (thickness/hole diameter) for fuel injector nozzles ranges between 1.4 and 2. 
Samples to be drilled are cut by wire-EDM from a cylindrical bar (diameter 25 
mm) and ground up to the thickness of 300 µm, to avoid the occurrence of 
distortions in the roundness of drilled µ-holes which may occur on a laminated 
material under the effects of residual stress.  
 
After laser drilling samples are cross-sectioned along the hole axis to analyze the 
generated inner surface. Cross sections are obtained by a preliminary milling 
process and consequently finished with a rotating grinder. This operation is carried 
out under a stereo microscope (maximum magnification 100x) in order to identify 
the position of µ-hole as well as the presence of residuals (burrs or contamination). 
Residuals of the preparation process are removed during a final step of ultrasonic 
cleaning in ethanol (20min). Hole cross-sections are then analyzed by using SEM 
(JEOL 5600LV) to visualize the generated surface texture and to characterize the 
geometrical features along the hole axis. Finally, SEM is used as a cross check 
measurement of a different imaging technique to afford the robustness of the 
measuring equipment. 
 
4.2.2 Drilling techniques 
Matrices of 10x10 cylindrical holes with a nominal diameter of 180 µm are 
performed with the two techniques to afford repeatability of drilling results. 
Concerning the drilling processes adopted in the present research, machining 
conditions can be summarized as follows. 
 
4.2.2.1 Ultrashort pulsed laser drilling 
Laser drilling techniques are divided into two categories: one performed with 
steady-beam and the other executed with the beam in motion. Both categories use 
pulsed laser sources. Single pulse laser drilling and percussion drilling belong to 
the first category. Single pulse drilling is mainly used in low thickness parts or 
holes with less than 1:10 aspect ratios. Laser percussion drilling is based on 
removing material by sequence of pulses: each pulse removes a certain volume of 
material in order that the entire sequence of pulses can achieve deep hole size with 
diameters ranging between 25 µm and 500 µm. Both techniques are characterized 
by high productivity, other than lack of reproducibility due to the high presence of 
melted material. 
 
Laser trepanning and helical drilling are categorized in the second group. In laser 
trepanning process, the laser beam translates in circular path to cut the perimeter of 
the hole [13]. In helical drilling, the laser beam rotates continuously at the nominal 
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diameter shifting the focal position, so that the spot produces a helical trajectory 
inside the material [14]. Those two techniques guarantee good quality holes in 
terms of circularity and cleanliness, but are slower than aforesaid ones. 
 
The technique adopted for fuel injector nozzle drilling differs from those reported 
in the aforesaid part. The drilling technique employed for the current study is 
composed by three following steps: 
(i) Through-hole: during this step a cylindrical through hole of small diameter 
(40 µm – 60 µm) is produced by circular trepanning. This hole allows the 
ablated material to be expelled during drilling process, in order to improve laser-
material interaction.  
(ii) Enlargement: during this phase the beam rotates from the through-hole 
radius to nominal radius, making a spiral. At the end of the enlargement phase 
the hole has a certain taper (Din ≥ Dout with respect to the direction of the beam). 
(iii) Finishing: this phase permits to achieve a cylindrical hole. In this phase the 
beam rotates at nominal diameter for a number of passes sufficient to remove the 
material left by previous phase on the exit side of the hole without enlarging the 
entry side. 
 
The laser drilling machine is a lab apparatus equipped with a Raydiance (US) 
Starfemto R-100 femtosecond fibre laser (details in table 4.1) which conveys a 3.8 
mm unfocused beam in an ARGES (Ge) scanning head (5 axes controlled 
galvanometer). The scanning head enables to set position, focusing and inclination 
of the beam giving it a precessional movement around the hole axis. A λ/4 wave 
plate is used to have circular polarization. A through hole of 50 µm diameter is 
firstly performed and then enlarged with refining parameters up to the nominal 
diameter using an incidence angle of around 2°. Pressurized helium (0.7 MPa) was 
used as processing gas. 
 
Table 4.1: Process parameters adopted for the laser micro-drilling process. 
Wavelength [nm] 1552 
Pulse duration [fs] 800 
Spot diameter [µm] 20 
Pulse energy [µJ] 10, 20, 30, 40, 50 
Pulse frequency [KHz] 100 
Tangential speed [mm/s] 75 
 
4.2.2.2 Micro-EDM 
The µ-EDM process is obtained in a conventional production machine by a Sarix 
pulse generator SX-200 (SARIX SA, Switzerland) with a total drilling time of 
10.5s with process parameters reported in table 4.2. The discharge duration and 
discharge current depend on the value of the capacity and cannot be controlled 
independently. For this reason, it is assumed that pulse duration and peak current 
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are the principal factors which determine the pulse energy. The applied energy 
ultimately influences the surface morphology, roughness and edge radius. 
 
Table 4.2: Process parameters adopted in µ-EDM drilling process 
Dielectric De-ionized water 
Electrode material Tungsten Carbide 
Electrode diameter [µm]  80 
Electrode rot. speed [RPM]  800 
Voltage [V] 150 
Pulse energy [µJ] 15  
Peak current [A] 7  
Pulse on duration [ns] 100  
Frequency [KHz] 150 
Polarity  Negative electrode 
 
For µ-EDM tungsten carbide tool electrode of 80 µm is used, while de-ionized 
water is used as dielectric fluid. Negative polarity is used since the discharge 
duration is specifically in nano-second range. It helps to achieve the melting of 
material by impacting electrons as well as to reduce the tool wear. To guarantee 
good quality at the hole exit, the electrode penetrates beyond the end of the hole. 
Drilling is performed rotating the tool at 800 rpm. The tool has an eccentricity of 
20 µm which allows for better flushing of the dielectric and a faster removal 
process. 
 
4.2.3 Surface morphology and roughness measurements 
A scanning probe microscope based on the shear forces occurring between a sharp 
tip metal probe (oscillating parallel to the surface) and the surface was designed 
and applied in [15]. The SHFM setup, commonly used for laboratory application 
was employed for surface characterization and roughness analysis for production 
purpose. The main mechanism responsible for the shear forces in the actual 
operating conditions of the experiment is related to the viscous behavior of the thin 
air layer between the probe and the surface. Among the effects of the shear forces, 
a dramatic damping of the forced oscillation is measured at tip-to-surface distances 
in the few nanometers range. The setup (schematically shown in fig. 2.2) and the 
details of the measuring technique are described in section 2.2.3 of chapter 2.  
 
The µ-drilled holes obtained by µ-EDM and fs pulses laser are analyzed in three 
different areas (50μm x 50μm), as reported in fig. 2.3 of chapter 2: entrance area, 
central area and the exit area.  
 
4.2.4 Edge sharpness analysis 
The non-obtrusive method based on shear-forces, joined with the absence of 
(unwanted) physical interference between the sensor and the sample, enable using 
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SHFM also for carrying out metrological analysis of the machined samples aimed 
at determining their shape with sub-micrometer spatial resolution. 
 
Within the context of fuel injector fabrication, sharpness of the edge at the end of 
the hole, typically set by design to produce a 90 degrees corner, is a very relevant 
factor. In particular, the radius of curvature at the edge is expected to strongly 
affect the fluid dynamics of the injection process, being related to cavitation, 
generation of vortices, and, more in general, to the spray atomization process. The 
radius of curvature depends on many parameters involving both the material 
properties and the local features of the interaction with the ablating beam. 
 
Owing to the sufficiently large travel range enabled by the nanopositioner, SHFM 
scans can be carried out on the area across the edge of the nozzle providing a direct 
measurement of the angle and of its radius of curvature. By subsequently scanning 
several rectangular areas across the edge, the uniformity of the radius along the 
hole circumference can also be evaluated. Such a kind of measurements does not 
require any modification to the instrumental setup, which is able to accommodate 
for sample holders offering access to the area of interest. Fig. 4.1 reports a picture 
of the tip and sample arrangement in the configuration used for the analysis. 
 
 
Fig. 4.1: Picture of the tip and sample arrangement for the analysis of the nozzle 
edge. 
 
4.3 RESULTS AND DISCUSSION 
 
4.3.1 Surface characterization of laser ablated surface 
Selected images of the laser drilled specimens analyzed by means of SEM 
techniques are shown in fig. 4.2. The laser drilled hole (fig. 4.2) shows a uniform 
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and smooth surface characterized by the presence of periodic structures, namely 
Laser Induced Periodic Surface Structures (LIPSS). Structures with different 
textures and periodicity may appear on treated laser surfaces depending on the 
direction of polarization and wavelength. LIPSS formation is supposed to be linked 
with surface electromagnetic wave (surface plasmon) interference with the laser 
light and subsequent grating-assisted surface plasmon-laser coupling, as reported in 
[16].  In order to understand this phenomenon in case of drilling, energy levels 
ranging between 10 µJ and 50 µJ are adopted to analyze the effect of variation of 
energy on the formation of LIPSS. 
 
 
(a)                                                          (b) 
Fig. 4.2: SEM images of the AISI 440C stainless steel after (a) fs-laser drilling 
(pulse energy, 50 µJ) and (b) relative details of the obtained surfaces. 
 
The characteristic of the formation of LIPSS is analyzed based on (i) maximum 
peak to valley distance and (ii) periodicity whose dimensions are related to adopted 
energy. A quantitative assessment of the sample characteristic drilled by ultrashort 
pulsed laser is obtained by sectioning the maps along one line and comparing the 
so-produced line profiles, as in fig. 4.3.   The laser ablated surface is characterized 
by a low-frequency repetition of big ripples or Low spatial frequency LIPSS 
(LSFL). In fig. 4.3, a cross-sectional line perpendicular to the LIPSS orientation 
reveals that the maximum peak-to-valley distances are 85nm and 65nm for 50µJ 
(highest energy adopted) and 10µJ (lowest energy adopted) energy level 
respectively. The period of occurrences is 1500nm and 1450nm for highest and 
lowest energy adopted respectively, which are really close to the laser wavelength. 
As the periodicity of big ripples or LSFL is about to the laser wavelength, this 
ensures that the surface plasmon-laser interference is responsible for the formation 
of LSFL. This also fits with surface-plasmon-interference-model as reported in 
[16] which deals with a modulation of absorbed energy via the interaction of highly 
excited surface states, surface plasmons, with incoming laser light. This implies 
that the periodicity of the ripples is not linked with the pulse energy but only with 
laser wavelength. For multiple pulses, so-called grating-assisted coupling is 
responsible for deepening of the surface ripples and shrinkage of the ripples 
periodicity.  
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Fig. 4.3: Magnification of Laser Induced Periodic Surface Structure (LIPSS) from 
the central area and relative line profile for 50 µJ (green line) and 10 µJ (blue line). 
 
Characterizing values (peak-to-valley distance and periodicity) of the ablated 
surfaces are measured cross sectioning one array per pulse energy value. Averaged 
values referring to the central area of the micro-drilled hole are reported in table 
4.3 for the different pulse energy values in the tested range. Results show a 
variation in the averaged peak-to-valley distance with an almost constant 
periodicity. For pulse energy values (30 µJ to 50 µJ) averaged peak to valley 
distance measured on a line profile perpendicular to LIPSS orientation, is around 
80 nm. 
 
Table 4.3: Characteristics of the laser ablated surfaces (central area) for the adopted 
pulse energy range 
Energy 
level 
[µJ] 
Averaged peak-
to-valley 
distance [nm] 
Deviation from the 
averaged peak-to-
valley value [%] 
Periodicity 
[nm] 
Needed 
drilling 
through time 
[s] 
10 65 5.7 1500 7.5 
20 68 3 1500 5.3 
30 78 3 1490 4.4 
40 80 6.25 1470 3.6 
50 82 9.75 1450 2.5 
 
Fig. 4.4 summarizes the variation of the averaged peak-to-valley distance with 
pulse energy adopted in the tested range. Every point in the graph then represents 
the mean value of ten measurements for each position inside the hole. The 
averaged peak-to-valley distance increases almost linearly between low and high 
energy employed. It can be seen that no link can be traced back between the 
averaged peak-to-valley distance and the position of the measured area for a given 
pulse energy. Moreover increasing pulse energy the difference between the 
averaged values for the three areas becomes higher, which can be considered as an 
index of dispersion of the measured data.  
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Fig. 4.4: Peak-to-valley distance as a function of pulse energy adopted. 
 
 
Fig. 4.5: SEM micrograph of the orientation of low spatial frequency LIPSS 
(LSFL) and high spatial frequency LIPSS (HSFL). The arrows indicate the HSFL 
bridging the LSFL. 
 
Fig. 4.5 shows the co-existence of LSFL and high spatial frequency LIPSS (HSFL) 
together. In this case, in some places where LSFL are interrupted one may observe 
small ripples i.e. the HSFL (as indicated by white arrows in fig. 4.5) bridging the 
big ripples. HSFL forms before LSFL at very low pulse energies (not useful for a 
production process) but their orientation respect to LSFL gives an idea of the level 
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of energy applied as stated in [16]. In our case HSFL are oriented in every position 
perpendicularly to the bigger ripples (LSFL).  
 
4.3.2 Comparison with µ-EDM 
4.3.2.1 Characterization of hole geometry 
To compare the precision of the two drilling processes, a matrix of 100 drilled μ-
holes is checked on an especially conceived coordinate measuring machine (Werth 
Inc., Germany) measuring diameters and taper angles. Data on the hole diameter 
reveal an averaged variability from the nominal diameter of 2.8 μm for µ-EDM and 
less than 0.7 μm for laser drilling. This result can be preliminarily explained 
considering the much smaller removal rate per pulse obtainable with femtosecond 
lasers respect to µ-EDM. 
 
Concerning the taper angle, evaluated by the difference in entrance (Din) and exit 
diameter (Dout) of the hole with respect to the drilled thickness (L), the deviation 
from the theoretical cylindrical shape is about 1 degree for both technologies.  
 
The static flow through the drilled holes is measured on a flow test bench in order 
to indirectly verify the stability of both processes in obtaining holes of the same 
geometry. Data showed that femtosecond laser drilling enables 1% dispersion 
around the designed value compared to the 3-4% of µ-EDM. 
 
4.3.2.2 Surface morphology 
Two typical configurations of process parameters are used to drill samples and 
compare the innovative ultrashort pulsed laser drilling with µ-EDM.  
 Laser parameters reported in table 4.1 with selected pulse energy of 50 µJ 
which is the one ensuring the shortest drilling time though generating the 
highest peak-to-valley distance.  
 µ-EDM parameters (reported in table 4.2) are those conventionally adopted 
in the current production of fuel injector nozzles and derived from the 
technical expertise. 
 
One array of ten holes is cross sectioned and analyzed by SHFM to derive surface 
morphology for both the techniques. 
 
Fig. 4.6 shows the typical 3D representation of machined surface obtained from µ-
EDM and laser drilling thus confirming the qualitative observations of the SEM 
pictures. The curvature of the hole has to be removed by the software WSXM [17] 
in order to obtain a flat surface on which it is possible to measure the real 
roughness and waviness of the surface. Note that the vertical scales are different for 
the two techniques as a consequence of the larger unevenness generated by the 
electro-erosion. Moreover, the texture appears remarkably different, with relatively 
large irregular features in µ-EDM and much smaller and denser features in laser 
drilling. 
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(a) 
 
(b) 
Fig. 4.6: Typical 3D representation of the SHFM measured surfaces (with hole 
curvature and filtered topography) of the AISI 440C steel after (a) µ-EDM drilling, 
(b) fs-laser drilling. 
 
Fig. 4.7 shows an overview of the SHFM typical topography images of the 
machined surface for both the techniques. For each technique the three scanned 
maps, corresponding to the areas indicated in fig. 2.3 (chapter 2), are vertically 
aligned. The color scales of the maps range through zero to 2.6 μm and 0.69 μm for 
µ-EDM and laser drilling, respectively. However, the maps of different areas of the 
same specimen share the same scale, as presented close to the images at the 
bottom. In all maps, dark colors correspond to lower surface zones (e.g., valleys, 
craters). The topography shows the differences in morphology of the drilled 
surfaces. In the first case (fig. 4.7a) the surface topography is an envelope of 
discharge craters and droplets. Craters are partially superimposed and randomly 
distributed over the surface with melt particles scattered during electrical 
discharges and re-solidified on the surface after the discharge stops. While 
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measurements for the laser ablated surface show LIPSS formation (inclined with 
respect to the hole axis) especially in the central and exit areas. This implies that 
with the use of SHFM it is possible to detect the morphological characteristics for 
the two techniques with their related peculiarities.  
 
                                     (a)                                             (b) 
Fig. 4.7: SHFM typical topography maps acquired on three areas of holes drilled 
by (a) µ-EDM, (b) fs-laser. 
 
A more quantitative assessment of the sample morphology is obtained by 
sectioning the typical maps along one line and comparing the so-produced line 
profiles, as in fig. 4.8.  Due to the homogeneity of the surface texture, presented 
values in a generic position are well representative of the behavior of the whole 
area. The comparison obviously confirms the different texture found in the holes 
produced with µ-EDM and fs-pulses laser. The comparison is based on (i) 
maximum peak to valley distance and (ii) periodicity of the cross sectional profile. 
From the point of view total excursion, the height varies between -800 nm to +600 
nm for µ-EDM and -200 nm to +100 nm for laser drilling (note that the zero height 
position is here chosen to correspond to the average height of the line). In fact, the 
maximum distance between peaks and valleys is around 1.5 µm for µ-EDM and 
300 nm for laser drilling. From the point of view of periodicity fig. 4.8 reveals that 
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µ-EDM resulted a periodicity of around 10 µm while a value of around 4 µm is 
achieved for laser drilling. The height variation between the peaks and valleys is 
more frequent for laser drilling. Though laser ablation makes use of pulse energies 
higher than µ-EDM (50 µJ compared to 15 µJ) the extremely short pulse duration 
plays a more relevant role in the removal process (800 fs compared to 100 ns). For 
laser ablation the removal rate per pulse is very low and the energy transfer to the 
workpiece does not involve thermal transfer (due to the lack of time). Conversely 
sparks produced by µ-EDM are acting as a thermal tool bringing the surface to 
liquid and vapor transitions.  
 
 
(a) 
 
(b) 
 
Fig. 4.8: (a) Typical maps acquired in the central zone of the holes drilled by µ-
EDM and fs-laser, (b) cross-sectional profile of the maps along the identified 
segments. 
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4.3.2.3 Surface roughness 
To understand the evolution of roughness inside the micro-drilled hole along the 
drilling direction, the row by row evaluation of root-mean-square surface 
roughness, Rq value for both the techniques is shown in fig. 4.9 and 4.10. The Rq 
value of each point in the graphs summarizes the roughness of a single line. The 
graphs development from left to right shows the evolution along the hole. The 
central area Rq values for laser drilling typically range between 50 nm to 100 nm 
while the value for the µ-EDM process ranges between 220 nm to 560 nm. The 
average Rq value for fs-laser drilling and µ-EDM is 80 nm and 390 nm respectively 
as indicated in fig. 4.9. The variation of Rq value is also more frequent in laser 
drilling due to the occurrence of a higher number of ultrashort pulses removing 
extremely small amount of material.  
 
Fig. 4.9: Rq parameter at the central area (evaluated line by line) for µ-EDM (blue 
line), fs-laser drilling (red line). 
 
To identify if there is a variation in surface roughness during the drilling process 
the Rq values are measured along the hole axis in the three different areas of fig. 
2.3 (chapter 2). 
 
From fig. 4.10 it is found that there is no significant variation of average surface 
roughness in different investigated regions of the tested specimens, for both the 
techniques. Rq has a remarkable fluctuation for the µ-EDM drilled surface with an 
average roughness of about 400nm. For laser drilling a higher stability is found on 
the whole surface with an average roughness globally lower than 90nm. Only a 
slight increase can be noticed at the entrance area of the laser drilled ones, due to 
the fact that multiple passes at the nominal diameter tend to affect surface texture at 
the entry edge. This demonstrates that the average surface roughness does not 
depend on the evolution of the drilling process during the penetration of the tool 
(being electrode or laser) inside the material. 
 
R
q
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m
)
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Fig. 4.10: Evolution of the roughness (Rq) inside the drilled hole for µ-EDM (blue 
line), fs-laser drilling (red line). Note that drilling direction is from right to left. 
 
4.3.2.4 Edge sharpness 
Fig. 4.11 (a) and 4.11 (b) shows two maps acquired on the edge of holes drilled by 
fs laser and µ-EDM. The edge of the corner is clearly visible as a relatively sharp 
protrusion roughly located at the centre of the maps and aligned along the vertical 
direction. The left side of the map with respect to the edge corresponds to the 
nozzle, the right side to the outer part of the device. 
 
Fig. 4.11: SHFM topography maps acquired on samples machined by (a) fs and (b) 
µ-EDM techniques. Scan size for both maps is 30 µm x 30 µm and the vertical 
excursion is over 12 µm. Cross-sections of the maps along the superposed 
segments for (c) fs  and (d) µ-EDM drilled samples. Dashed and dotted lines 
represent the results of the best-fit procedure discussed in the text. 
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The cross-sections of the maps, extracted along the segments superposed to the 
images, are shown in Fig. 4.11 (c) and (d). In order to characterize the angle, a 
best-fit of the left and right portions of each cross section to straight lines is carried 
out, shown in the plots as dotted lines. The angle included between the  
prolongations of such lines, representing the overall angle of the corner over the 
whole length of the cross section (30 µm, for the shown examples), is found in the 
range 65-75 degrees, independently of the drilling technique. The evaluation of the 
radius of curvature at the edge is then performed by making a best-fit to a circle 
function of the portion of the cross section markedly diverging from the straight 
lines. The choice of the fitting function has not been done in order to obtain the 
best possible agreement with the topography data, but rather to find a parameter 
able to characterize the morphology of the edge. Large curvature radius indicates a 
smooth corner, whereas small curvature radius is associated to sharp edge. The 
results of the best fit are shown as dotted lines in the plots. 
 
The ability of the fs technique to produce rather sharp edges is evident. Radii on 
the order of 0.6 µm, or even smaller, can be achieved. On the contrary, the µ-EDM 
technique cannot reach similar promising results and suffers also of a strong 
inhomogeneity of the edge shape. In the set of investigated samples, radii ranging 
through 1.2 µm to 4 µm are obtained. Furthermore, as shown in Fig. 4.11 (b), the 
ability of the instrument to detect topography variations also in strongly inclined 
surfaces indicates that µ-EDM-drilled micro-holes suffer from relevant 
morphological inhomogeneities close to the edge. They can be ascribed to the 
already mentioned local fluctuations of the material removal efficiency, which, 
according to the presented results, are particularly relevant at the bottom of the 
drilled hole. Conversely, ultrafast laser machining reveals a much larger accuracy 
in defining the edge of the hole, due to the negligible effect of material recast and 
to the ability to precisely direct the ablation of the material. 
 
4.4 CONCLUSIONS 
It has been proved that it is possible to give fundamentals to the surface 
characterization of spray holes for the nozzle of a fuel injector by means of the 
Shear Force Microscopy. The possibility to access the holes in a cross sectional cut 
with a sharp-edged tip makes it possible to acquire x-y matrixes of data revealing 
the surface topography at micro-scale resolution. Measurements can be used for a 
standardized analysis based on conventional parameters (Rq) allowing for a 
comparison among different drilling techniques. For the two techniques considered 
in this study to drill micro-holes on a fuel injector nozzle, the following points can 
be concluded: 
i. Laser ablated surfaces are characterized by LIPSS which depend on the 
drilling strategy and laser setup adopted.  
ii.  The energy levels in the tested range generate LIPSS with a variation in 
height with almost constant periodicity.  
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iii. The SEM micrograph of LIPSS shows the co-existence of LSFL and HSFL 
together in the surface generated by laser ablation and the HSFL bridging 
the LSFL. Further analysis of the LIPSS formation needs the development 
of a model considering the modulation of energy, beam incidence angle and 
number of pulses. 
iv. As a comparison among the surfaces generated by highest energy in the 
tested range ultrashort pulsed laser ablation and common production 
technique like micro-EDM, the laser ablated surfaces are much smoother 
with a lower machining time. Electro-eroded surfaces are an envelope of 
craters randomly distributed with total excursion (maximum peak-to-valley 
distance) up to 1.5µm with a periodicity of 10µm.  
v. Concerning calculated roughness both techniques are uniform in the 
thickness of the material. EDM generates averaged Rq of about 390 nm 
compared to the 80 nm of the laser drilling. The latter is also found to have 
lower percentage variation. 
vi. The evaluation of the radius of curvature at the edge shows that pure laser 
ablation generates the sharp corner with radii of 0.6 µm compared to 
conventional micro-EDM. 
vii. Finally, ultrashort pulsed laser drilling is found to be not only a reliable 
alternative to micro-EDM for micro-drilling of spray holes but also a better 
technique from the perspective of drilling time, edge sharpness and 
smoothness of the generated surfaces. Nevertheless to verify its possible 
application in a production environment a detailed cost analysis is needed 
including consumed average power and assistant gas. 
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CHAPTER 5 
MICROSTRUCTURAL CHANGES INDUCED IN 
STAINLESS STEEL IN MICRO-DRILLING OF FUEL 
NOZZLES: A COMPARISON AMONG ULTRASHORT 
PULSED LASER, WATER JET GUIDED LASER AND EDM 
 
 
 
This chapter investigates the microstructural changes induced in the martensitic 
stainless steel AISI 440C material after micro-drilling. Micro-holes for Gasoline 
Direct Injection (GDI) nozzles are obtained in the bulk material with conventional 
micro-EDM and two laser based processes: water-jet guided µs-laser and fs-laser. 
Since the analyzed drilling methods heavily differ for their thermal input on 
materials, the three processes have been compared from the perspective of the 
change in microstructure of the micro-drilled samples. Moreover, the sharpness of 
the edges has been taken into account as distinctive feature for a comparison 
among the three processes, being the spray atomization maximized by a cavitation 
process inside the microhole.  
 
A tailored procedure is optimized to prepare the samples for Scanning Electron 
Microscopy (SEM) and metallographic analyses. The cross sections of micro-EDM 
drilled samples revealed the presence of a recast (white) layer of 1-2 µm in 
thickness even using the lowest spark energy in the tested range. Samples drilled 
by water-jet guided µs-laser were affected by the same phenomenon, with an even 
more pronounced effect.  Moreover, they showed the extrusion of the melt material 
along the hole axis under the action of the water-jet conveying the beam. The 
extremely fast cooling of this layer also made the machined surfaces prone to 
cracking. Conversely, metallographic analysis of cross sections of ultrashort pulsed 
laser drilled samples, showed no modification of the base metal microstructure in 
the sub-surface regions, thus testifying that the fs-pulsed laser drilling is an almost 
pure ablation process and not affected by a remarkable liquid phase as for the other 
two thermal processes. Periodicity and dimensions of laser induced periodic 
surface structures (LIPSS) generated by ultrashort pulsed laser are characterized by 
means of Scanning Electron Microscopy. SEM analysis of the micro-hole edges 
revealed burrs for the water-jet guided µs-laser while radii of 2-4 µm for micro-
EDM and less than 1µm for fs-lasers were measured. 
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5.1 INTRODUCTION 
At present, Micro-Electrical Discharge Machining (µ-EDM) is well established in 
the field of drilling of nozzles for diesel and Gasoline Direct Injection (GDI) 
systems. The ability to produce micro-holes (µ-holes) with high aspect ratio 
(thickness/hole diameter) of about 5 is a distinguishing advantage of the µ-EDM 
process. Anyhow this consolidated process is recently facing new challenges [1] 
which mainly concern the flexibility in changing the hole geometry and the 
decrease in process time. Another relevant issue in the production of deep µ-holes 
in the possibility to work with higher efficiency and quality in dry environment 
thus avoiding pollutants dispersed in the de-ionized water of µ-EDM drilled 
machines. 
 
Other machining techniques have been proposed and demonstrated to further 
improve the process performance and workpiece quality. In particular, techniques 
based on pulsed lasers have been widely explored. Unique advantages are offered 
by the use of laser tools such as, the excellent spatial resolution, a good degree of 
fexibility, and the inherently true non-contact and no tool wear machining due to 
the use of an immaterial beam [2]. Attempts have been made by several research 
groups and companies to use µs and ns laser pulses instead of µ-EDM. However, 
the hole quality is not able to fulfill the requirements of the industrial standards as 
laser drilling with short pulses typically produces larger recast and Heat Affected 
Zones (HAZ) [3]. As a consequence of the remarkable amount of melt involved in 
the process, the quality and reproducibility of the holes is rather low.  
 
Two laser based techniques alternatives to µ-EDM have recently successfully used 
for micro-drilling of spray hole [4, 5]. The first one uses a thin water jet to convey 
a low-power laser beam, sufficient to vaporize metals, and to mitigate the thermal 
effect of µs laser pulses. This water jet guided laser also known as Laser Micro-Jet 
(LMJ) is now used in a variety of applications like wafer dicing, solar cells, 
integrated circuits and stencils. More recently, it has been optimized for high 
precision machining for automotive industry applications, like for drilling fuel 
injection nozzle and as a result, very competitive speeds and qualities were 
achieved [6]. The concept is to focus a laser beam into a nozzle while passing 
through a pressurized water chamber and the details of the principle is described in 
[4]. The low pressure water jet guides the laser beam by means of total internal 
reflection at the water/air interface in a manner similar to conventional glass fibers. 
As the water jet acts as a fluid optical waveguide, only the laser is used for the 
material vaporization.  
 
The second drilling alternative is a pure laser ablation by means of ultrashort (sub-
ps) laser pulses combined with a precise scanning head. For pulses in the order of 
hundreds of fs the pulse duration is much shorter than the time required for 
electrons to relax and transfer energy to the lattice. Electrons are excited instantly 
and in about 1 ps they transfer energy to the positive ions [7]. If the energy is high 
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enough, which is common for ultra-short pulses, the ions get energy to break the 
lattice bonding, as for a shock pressure wave. Direct solid vapor transition occurs 
because of insufficient time to transfer energy to the neighboring lattice ions. Heat 
conduction is thus negligible and HAZ is minimal. Consequently ultrashort laser 
pulses allow less thermal damage and a nearly melt free ablation, if it is worked 
close to or under the ablation threshold [8]. Ultrashort pulsed laser drilling has 
demonstrated to be an alternative technique enabling to work in dry environment 
with lower process time with an even higher flexibility in changing the hole design 
[5].  
 
5.1.1 Research objectives 
Improving the efficiency of fuel spray atomization is compulsory to meet the strict 
requirements of the upcoming EU6 limits [9]. This is because a properly atomized 
fuel spray allows for a more efficient combustion process avoiding wet parts in the 
engine and a consequent formation of residual particles.  
 
Injection through the spray hole is a complex process which involves the break-up 
of the fuel jet at the nozzle entrance and a consequent atomization into fine droplets 
by cavitation phenomena. Atomization of the fuel spray and jet breaking strongly 
depend on the dynamics of the fluid occurring inside the hole, which is in turn 
affected by the hole geometry (size, taper angle, radius of curvature at the hole 
edges) as well as by microscopic details of the hole inner surface. For instance, the 
morphology of the inner surface of the spray hole influences the interaction of the 
fuel with the surface, while the sharpness of the edge corner in fuel entry side 
influences the spray atomization process. Moreover, the eventual formation of 
recast layers on the inner surface of the hole is extremely critical since it can be 
detached from the HAZ by the high stresses induced with the cavitation 
phenomena or simply by erosion of the fuel. This varies the µ-hole and affects the 
nozzle spray capabilities and the stoichiometry of the combustion. Main focus of 
the present work is then to characterize spray-holes on AISI 440C GDI nozzles 
produced with three different technologies µ-EDM (as production process standard 
reference), LMJ and fs-laser drilling from the perspective of the following 
parameters:  
 morphology of the inner surface; 
 presence and extension of recast layers; 
 presence and extension of heat affected zones; 
 edge sharpness of the drilled hole in fuel entry side. 
 
5.2 EXPERIMENTAL DETAILS 
5.2.1 Material 
Martensitic AISI 440C stainless steel is selected to produce GDI nozzles because it 
combines good resistance to corrosion and wear.		
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5.2.2 Drilling techniques 
Experiments are carried out on real injector components in order to assess the 
feasibility of the proposed drilling techniques in a real production environment.  
 
Fig. 5.1: (a) 3D view of a GDI nozzle: spray holes are drilled concentrically with 
the counterbores, (b) cylindrical hole geometry achieved at the end of the drilling 
process 
 
Concerning the drilling process adopted in the present research for the drilling of 
cylindrical spray holes with a diameter of 180 µm starting from the flat surface of 
counterbores previously micro-milled as shown in Fig. 5.1 (a) and (b), machining 
conditions can be summarized as follows. 
 
(i) The EDM process is obtained by a Sarix generator SX-200 (SARIX SA, 
Switzerland) with a total drilling time of 18 s and 10 s for energy levels of 3.25 µJ 
and 15 µJ with process parameters reported in table 5.1. The electrode rotates at 
800 rpm while penetrating in the workpiece. The details of the µ-EDM drilling 
can be found in [10]. 
 
Table 5.1: Process parameters adopted in µ-EDM drilling process 
Dielectric De-ionized water 
Electrode material Tungsten Carbide 
Electrode diameter [µm] 80 
Electrode rot. speed [RPM] 800 
Pulse energy [µJ] 3.25, 15 
Voltage [V] 100, 150 
Peak current [A] 3, 7 
Pulse on duration [ns] 60, 100 
Frequency [kHz] 150 
Polarity Negative electrode
 
(ii) Posalux HP1 laser drilling machine is employed for drilling fuel injector 
nozzles by LMJ technology. The process time is 4 s. The details of the machine 
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and the working principle of LMJ are provided in [4]. The drilling strategy 
adopted in case of LMJ makes use of a pilot through hole of about 25 µm which is 
progressively enlarged by moving the LMJ along a spiral trajectory up to the 
imposed nominal diameter of the hole. The experimental conditions for LMJ 
adopted in this work are shown in table 5.2. 
 
Table 5.2: Experimental conditions for Laser Micro-Jet (LMJ) 
Laser 
Laser type  Industrial Nd:YAG, 
classical resonator 
Transverse mode Multimode 
Polarization Random 
Wavelength [nm] 1064 
Average power [W] 
Peak power [Wpeak] 
18 
450 
Pumping source Diode Pumped 
PRF (pulse repetition frequency) [Hz] 2000 
Pulse duration range [µs] 20  
Pulse energy [mJ] 9  
Fluence [J/cm2] 2866  
Specific power [MW/cm2] 5.7  
Process water and gas 
Process water Demineralized water 
Conductivity [µS/cm] < 0.5  
Water nozzle diameter [µm] 20  
Water pressure [MPa] 50 
Jet tangential speed [mm/s] 1.3  
Cycle time [s] 4 
Process gas Helium (97.5% purity), Filtered air  
 
(iii)  Pure laser drilling is performed with a Raydiance (US) Starfemto R-100 
femtosecond fibre laser (details in table 5.3) which conveys a 3.8 mm unfocused 
beam in an ARGES (Ge) scanning head (5 axes controlled galvanometer). The 
scanning head enables to set position, focusing and inclination of the beam giving 
it a precessional movement around the hole axis. A λ/4 wave plate is used to have 
circular polarization.  
Table 5.3: Process parameters adopted for the fs-laser micro-drilling process. 
Wavelength [nm] 1552 
Pulse duration [fs] 800 
Spot diameter [µm] 20 
Pulse energy [µJ] 50 
Pulse frequency [KHz] 100 
Tangential speed [mm/s] 75 
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A through hole of 50-60 µm diameter is firstly performed, then enlarged with 
refining parameters up to the nominal diameter and finally finished to achieve a 
cylindrical hole. Pressurized helium (0.7 MPa) is used as processing gas. The 
cycle time is 2.5 s. 
 
5.2.3 Sample preparation 
For metallographic analysis, the drilled samples were cross sectioned by a 
precision saw along a surface parallel to the hole axis and passing through the 
diameter of the hole. All the preparations step were performed manually like- fine 
grinding up to a section very close to final observation, the mounting in a hard 
resin, polishing and final etching of the component with Adler reagent to highlight 
the microstructure in the area close to the hole surface. For microscopic analysis of 
the inner hole wall morphologies, the samples were prepared by cutting, grinding it 
up to the intersection of the hole. For SEM observation of inner hole surfaces, the 
samples were cleaned by ultrasonic cleaning in a water solution containing citric 
acid.    
 
5.3 RESULTS AND DISCUSSION 
 
5.3.1 Surface appearance 
Samples were cross sectioned longitudinally to open the hole surface to SEM 
analyses. Fig. 5.2-5.4 shows the appearance of the inner surfaces of the holes 
drilled using the abovementioned techniques. µ-EDM drilled holes are 
characterized by the presence of craters created during the discharge process. The 
dimension of craters is strictly related to the used energy, as visible in Fig. 5.2.  
 
 
(a)                                                           (b) 
Fig. 5.2: SEM micrographs showing the dimensions of crater in the surface of µ-
EDM drilled holes. (a) Pulse energy of 15 µJ; (b) Pulse energy of 3.25 µJ. 
 
The average crater diameter is about 5-7 µm and 15-20 µm for pulse energies of 
3.25 µJ and 15 µJ, respectively. In addition to craters, some re-deposited particles 
ejected during the discharge process can be found on the hole surfaces of µ-EDM 
drilled samples. 
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The inner surface of LMJ drilled holes shows the presence of a marked 
longitudinal pattern. This is due by the extrusion of the melt material along the hole 
axis under the action of the water-jet conveying the beam. Micrograph in Fig. 
5.3(a) shows the superposition of different grooves created by superimposed µs 
pulses, characterized by pronounced crests. Some micro-cracks were found, 
presumably as a consequence of the fast cooling process of the melt layer in 
contact with the water jet, see Fig. 5.3(b). As seen for µ-EDM samples, also LMJ 
ones showed the presence of spatters of molten material in the hole surface, ejected 
by the combined action of laser melting and water jet action. In case of LMJ, 
spatters are higher in number with respect to µ-EDM with the presence of both 
spherical and elongated particles, as visible in Fig. 5.3(b).  
 
 
(a)                                                        (b) 
Fig. 5.3: SEM micrographs showing the surface morphology of holes drilled by 
LMJ (a) general appearance, (b) presence of small cracks. Arrow A indicates the 
crack, arrows B indicate spatters. 
 
 
(a)                                                   (b) 
Fig. 5.4: SEM micrographs showing the surface morphology of holes drilled by fs-
laser. (a) and (b) refer to different magnifications. The axis of drilled sample is 
close to the vertical direction. 
A
B
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Finally, Fig. 5.4 shows the typical appearance of fs-laser drilled holes. It is well 
known that ultrashort pulsed lasers generate periodic patterns on the irradiated 
surfaces often referred to as Laser-Induced Periodic Surface Structure (LIPSS) 
[11], showed in Fig. 5.4 at different magnifications. The complex morphology of 
LIPSS shares many similarities with other self-organized patterns originating from 
instabilities, such as aeolian sand dunes or ripples produced by ion-beam 
sputtering. 
 
The mechanism of ripples formation is still under discussion: the excitation and 
subsequent ablation by ultra-short laser pulses induce a state of extreme non-
equilibrium of the surface [12]. The instability relaxes in a very short time through 
two competing processes, namely surface roughening due to desorption (Coulomb 
and/or phase explosion) and surface smoothing due to diffusion generating the 
formation of self-organized and quasi-regular surface structures under the driving 
action of the absorbed electromagnetic field. The morphology of these structures 
varies with the material properties, the energy density used and the optical setup 
(polarization, incidence angle, etc.) i.e., to obtain oriented ripple structure 
appropriate process window is to be selected. 
    
SEM analysis of fs-laser drilled samples showed that typical spatial periods were 
about 1 µm, in good agreement with the results of the analysis of topography maps 
acquired by Shear Force Microscope (SHFM) [5] and the length of elongated 
structure is between 5 and 10 µm. 
 
Concerning the surface defects that could be generated by the drilling processes, µ-
EDM and LMJ processes have in general the ability to melt and recast all the 
phases that could be present in the steel base microstructure (martensitic phase, 
carbide particles, inclusions). On the other hand fs-laser drilling is a non-thermal 
process that induces ablation of the drilled material. Discontinuities in the chemical 
composition (such as matrix-inclusion interfaces), showing different ablation 
energy thresholds can induce discontinuities in the removal process. This in turn, 
may result in defects. The major highlighted defects were (i) small cracks or 
matrix/inclusion interface separation, or, (ii) in case of small inclusions in 
proximity of the surface, their detachment associated to the formation of a “pit”. 
 
Fig. 5.5 shows two examples of the highlighted defects. Energy Dispersive X-ray 
Spectroscopy (EDS) microanalysis performed by SEM gave evidence of 
Aluminium, Calcium and Silicon oxides inclusions (see Fig. 5.5b), typically 
coming from steelmaking processes.  
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Fig. 5.5: SEM micrograph showing the presence of defects in fs-laser drilled hole 
surface. (a) Large inclusion particle emerging in the inner wall surface, (b) EDS 
spectrum acquired from the inclusion in (a); (c) “pit”. 
 
5.3.2 Recast layer and heat affected zones 
Adler etchant allowed to reveal the microstructure of AISI 440C in the polished 
and etched cross section of the analyzed samples and to highlight the presence of  
recast layers and heat affected zones. As visible in the optical micrographs (see 
Fig. 5.6) the base microstructure of AISI 440C is composed by a martensitic matrix 
with dispersed chromium carbide precipitates with different dimensions.  
 
 
 
Fig. 5.6: Optical micrograph showing the steel microstructure in a region close to 
the hole surface of a sample of LMJ drilled hole. 
 
Spectrum 1
(a)
(b)
(c)
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Optical micrographs of µ-EDM and fs-laser drilled samples do not show any 
visible microstructural alteration in regions close to the hole surface, thus if a recast 
layer is present its thickness is limited to very few microns. On the other hand LMJ 
is able to induce a marked effect on base material. A surface layer presenting a 
heavy modification in the microstructures increases its thickness passing from 
about 1 µm in the laser entry side up to about 15 µm in the exit one. This layer is 
composed by two different parts: a recast layer (A), that appears white in Fig 5.6, 
and a heat affected zone (B) brown, the latter being much thinner than the former 
(in the laser exit side about 3-4 µm against 10-15 µm, respectively). 
 
Moreover, during the drilling process the water-jet is able to push the melted layer 
produced by the thermal input of laser beam along the just created hole surfaces 
and finally the grooves protrude out from the hole, as shown in Fig. 5.7. The 
presence of this “crown” in the laser exit side of the hole governs the edge 
geometry of the fuel entry side, greatly affecting its reproducibility and the 
possibility of a robust hole-edge control. Furthermore, protruded grooves could be 
presumably prone to rupture under the high pressure fuel action, because of both 
their brittleness (due to their structure made of recast material) and their thickness 
of only few microns. 
 
 
Fig. 5.7: (a) SEM micrograph of the hole surface in the laser exit side of a LMJ 
drilled hole where the protruded material is apparent. (b) SEM micrograph showing 
the cross section of a protruded groove. 
 
High magnification SEM micrographs of the polished and etched sections of tested 
samples are shown in Fig. 5.8-5.10.  A recast layer of about 1-2 µm in thickness is 
clearly visible in µ-EDM samples (see Fig. 5.8) having a microstructure different 
from the base metal. The rapid solidification of the steel layer melted during the 
EDM process induces a more uniform microstructure, where the morphology of the 
martensite microstructural features is no longer visible. Moreover, in the edge zone 
of the cross section of µ-EDM samples it is easy to recognize the shape of craters 
and their overlapping.  
 
(a) (b)
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Fig. 5.8: SEM micrograph of section of the µ-EDM drilled hole samples where a 
recast layer of about 1-2 µm is clearly visible (see arrows). 
 
Concerning LMJ samples, SEM analysis confirms the optical microscope 
observations, i.e. the presence of a recast layer whose thickness increases from the 
laser entry side to the exit one, see Fig. 5.9. The higher magnification of SEM 
microscope with respect to the optical one allows for the identification of some 
cracks in the interface between the base metal and the recast layer, as visible in Fig. 
5.9 (b). 
 
 
Fig. 5.9: SEM micrograph of a section of the LMJ drilled hole sample. (a) laser 
entry side, (b) central region, (c) laser exit side. 
 
Microcracks are not present in all the analyzed samples and their occurrence seem 
not to be correlated to the recast thickness neither to the microstructural features of 
the base metal. 
 
The sample preparation procedure used in the present work has proven to be able to 
highlight the fine LIPSS structures also in the cross section of fs-laser drilled 
samples. In the region close to the hole surfaces their typical periodic structures are 
clearly visible, see Fig. 5.10. Their height is between 0.2 and 1 µm, and the spatial 
period ranges between 0.5 and 1 µm. The main finding is that no alteration of the 
base metal microstructure can be recorded. Martensitic microstructures and 
Chromium carbide particles are visible up to the hole surface, also in the LIPSS 
crests, thus testifying that the fs-laser drilling is an almost pure ablation process 
(a) (b)
(a) (b) (c)
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and it is not affected by the formation of a liquid phase as for the other two 
investigated thermal processes. 
 
 
Fig. 5.10: Examples of SEM micrograph of sections of the fs-laser drilled hole 
samples. 
 
5.3.3 Edge sharpness 
According to fluid-dynamics simulations, one of the most important parameters 
driving the performances of fuel injectors is the edge radius of the spray hole. In 
fact the fuel atomization increases for sharper edges at the fuel entry side of spray 
holes. Thus, a rough assessment of the atomization ability of the tested drilled 
methods was carried out by measuring the edge radius of drilled spray holes by 
means of a image analyser software (Image J). Fig. 5.11 shows SEM micrographs 
of cross sections of drilled holes where the edge radius measurement procedure 
was used.  
 
Edge radiuses were measured interpolating the edge profiles with a circle whose 
radius was appropriately changed. In Fig. 5.11 red circles are the best circles 
interpolating the edge profiles. The analysis was performed on µ-EDM and fs-laser 
samples. The presence of protruding crests in all the LMJ samples made impossible 
the determination of a correct edge radius. The edge radius measurement was 
possible thanks to the good edge retention obtained by the very careful polishing 
preparation procedure used. µ -EDM showed edge radius ranging from 2 to 4 µm, 
while fs-laser samples from 0.5 to 1 µm. The difference is roughly of the same 
order of magnitude of the recast layer induced by the µ-EDM technique that 
represents a dimensional limit in the possible control of surface features.  
 
(a) (b)
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Fig. 5.11: SEM micrographs showing the interpolating technique used to measure 
the edge radius. (a) µ-EDM drilled sample; b) fs-laser drilled sample. Red circles 
represent the circles that best interpolate the edge profile. 
 
5.4 CONCLUSIONS 
Three different micro drilling techniques have been compared with respect to the 
superficial, geometrical and microstructural features of the produced injector spray 
holes. The following conclusions could be drawn: 
 Holes drilled by fs-laser are characterized by the smaller dimensions of their 
features (LIPSS) both in height and in the spatial period. The other techniques 
present structures with larger dimensions (craters for µ-EDM and grooves for 
LMJ). 
 Fs-laser drilled samples do not show spatters and debris in the inner surface. 
Conversely, both µ-EDM and LMJ present spatters being much more abundant 
in LMJ samples.  
 Some defects associated with the presence of matrix-inclusions interfaces have 
been found in fs-laser samples. Also LMJ showed some very fine and small 
cracks in the re-solidified surface layer, while µ-EDM surface is practically 
cracks free. 
 LMJ is the technique that induces the thicker recast and heat affected layers. Its 
thickness increases from the laser entry side to the exit one achieving a final 
thickness of about 15-20 µm. The recast layer visible in µ-EDM samples is 
limited to the crater thickness (1-2 µm), while fs-laser samples do not present 
microstructural modification in the base material up to the inner surface. 
 Concerning the edge sharpness, fs-laser drilling is the best technique that 
produces the most controlled edge profile. Their edge radius is less than 1 µm, 
while that produced by µ-EDM methods ranges between 2 and 4 µm.  Edge 
(a) (b)
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profiles of LMJ samples are affected by the presence of protrusions, making the 
designed geometry difficult to be controlled and reproduced. 
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CHAPTER 6 
ULTRASHORT PULSED LASER DRILLING AND SURFACE 
STRUCTURING OF MICROHOLES IN STAINLESS STEELS 
 
 
 
 
This chapter analyses the inner surface of micro-holes (µ-holes) for the production 
of gasoline direct injection nozzles. The µ-holes are obtained by ultrashort pulsed 
laser machining in martensitic stainless steels. The inner surface analysis has been 
carried out by a specifically conceived Scanning Probe Microscopy (SPM) 
instrument and revealed the presence of periodic surface microstructures whose 
formation was studied as a function of process parameters (pulse energy, repetition 
rate, rotational speed, drilling strategy). Experimental results demonstrated that 
geometrical features of the microstructures can be varied by a proper parameter 
selection and open the perspective for an optimized process enabling a reduction of 
coking accumulation during service life and a more effective atomization of the 
fuel jet. 
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6.1 INTRODUCTION 
The increasing concern for the environment protection has put the reduction of the 
pollutants and fuel consumption among the most important challenges for modern 
engines. Many of the improvements in this sense are related to the advances in fuel 
injection systems. The design of the internal nozzle flow is fundamental for the 
spray development and therefore in the air–fuel mixing and combustion processes. 
 
In order to improve the atomization of the sprays and the mixing process, modern 
Gasoline Direct Injection (GDI) engines work at high injection pressures. The use 
of injection pressures up to 30 MPa brings the fuel at high velocity flowing through 
a contraction below the saturation pressure. Under these conditions the liquid starts 
to cavitate and a local change of state from liquid to vapor favors an increase in the 
spray cone angle, which is expected to improve the air–fuel mixing process [1]. 
 
Cavitating nozzles for GDI engines are conventionally produced by micro-
Electrical Discharge Machining (µ-EDM) with hole diameters of 150-200 µm and 
thickness of about 250-350 µm. Only recently ultrashort pulsed laser drilling has 
demonstrated to be an alternative technique enabling to work in dry environment 
with an even higher flexibility in changing the hole design. Smoother internal 
surfaces can be achieved in shorter processing times by fs-laser ablation with 
respect to µ-EDM [2].  
 
In addition to these benefits it is well known that ultrashort pulsed lasers, 
perpendicularly incident on workpiece, generate periodic patterns on the irradiated 
surfaces often referred to as Laser-Induced Periodic Surface Structure (LIPSS) [3]. 
The morphology of these structures varies with the material properties, the energy 
density used and the optical setup (polarization, incidence angle, etc.). The 
selection of appropriate process window enables to obtain oriented rippled 
structures whose height varies from 10 nm to 100 nm [4]. Such structures can be 
profitably used to control the wettability of a surface by enhancing or decreasing 
the hydrophobic properties of a material [5]. 
 
Objective of the present research is to combine a fast and precise laser drilling 
process of spray holes with the generation of a rippled pattern on the internal 
surface. This is extremely challenging for automotive applications since the 
structuring technique may lead to a remarkable reduction of coking deposition and 
avoid the risk of nozzle clogging as well. Moreover, tailor-designed periodic 
nanoripples on the hole inner surface can have a significant impact on fuel jet 
breaking with a consequent enhancement of spray atomization. Controlling the 
main features of the rippled pattern (e.g., spacing, orientation) requires designing 
of specific drilling processes, with possible differences with respect to commonly 
used percussion or trepanning techniques [6]. Conventional trepanning showed 
significant limits on the quality of the edges due to deposition of expelled material 
out of the circular groove. 
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6.2 FUNDAMENTALS OF LIPSS FORMATION 
The ripples exhibit complex morphology sharing many similarities with other self-
organized patterns originating from instabilities, such as aeolian sand dunes or 
ripples produced by ion-beam sputtering. In case of linearly polarized laser beams, 
the orientation is found to be perpendicular to the light polarization with a 
periodicity often smaller than the laser wavelength [7]. The periodicity has a 
correlation with the local intensity of the electromagnetic field transferred to the 
workpiece and with the boundary conditions at the material interface (e.g. type of 
gas) [8].  
 
The microscopic mechanism of ripples formation is still under discussion: it is here 
assumed that excitation and subsequent ablation of target material by ultra-short 
laser pulses induce a state of extreme non-equilibrium of the surface [9]. Multiple 
processes are simultaneously taking place in the interaction of ultrashort laser 
pulses with a solid surface [10], partially ruled by the interplay between the surface 
energy and the energy delivered by the pulse. As a result, transient disintegration of 
the surface is attained at the atomic level along while, at the same time, material 
instability grows up. The instability relaxes on a very short time scale through two 
competing processes, namely surface roughening due to desorption (identified, 
with general acceptance, to be Coulomb and/or phase explosion) and surface 
smoothing due to diffusion. In fact for ultra- short laser pulses even if the energy 
transfer from incident beam to the lattice occurs via multiphoton excitation of the 
electronic system, there is a diffusive energy transport by hot electrons as long as 
there is no thermal equilibrium between electrons and phonons. The resulting 
electron thermal diffusion length is a key quantity for laser material interaction, 
determining a positively charged and electrostatically unstable surface layer in a 
few picoseconds, leading to Coulomb emission of positive charges. After this, the 
surface instability is even greater: surface erosion by ablation is in dynamic 
competition with surface smoothing by diffusion. Far from thermal equilibrium, the 
local state of the material is neither crystalline nor amorphous or liquid. More 
likely, it can be considered a ‘‘soft’’ state of the material [11]. The result of this 
instability relaxation is the self- organized formation of surface structures under the 
action of the absorbed electromagnetic field and the related optical interference 
responsible for the formation of the quasi regular patterns. 
 
6.3 EXPERIMENTAL 
Experiments were carried out on real injector components in order to assess the 
feasibility of the proposed drilling technique in a real production environment. GDI 
nozzles are commonly obtained in AISI 440C to combine good resistance to 
corrosion with wear resistance. This is because the hertzian contact with the 
internal spherical valve regulates the fuel spray cycle, as depicted in fig. 6.1 (a) and 
(b). Cylindrical spray holes with a diameter of 180 µm were laser drilled starting 
from the flat surface of counterbores previously micro-milled. The drilled thickness 
was 250 µm, lower than the laser Rayleigh distance. An 800 fs chirped pulse laser 
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(λ=1552 nm) with a maximum average power of 5 W (50 µJ at 100 kHz) was used 
for the experiments. The laser beam was circularly polarized by an adjustable 
quarter wave plate to avoid roundness defects due to an uneven absorption of the p- 
and s- components of the electromagnetic field, parallel and orthogonal to the 
incidence plane on the inner surface [12], respectively. The beam was focused on 
the counterbore flat surface to a minimum spot size of 25 µm, with a nearly 
Gaussian energy distribution. 
 
Fig. 6.1: (a) 3D view of a GDI nozzle: spray hole are drilled concentrically with the 
counterbores; (b) nozzle section: cone-sphere contact and fuel direction; (c) laser 
drilling direction and cylindrical hole geometry achieved at the end of the drilling 
process. 
 
A five axes controlled stage was used to place the counterbore flat surfaces at the 
correct focal distance, normally to the beam axis. As specified in the following, the 
drilling strategy foresees the attainment of a tapered pre-hole followed by a final 
cylindrical shaping. The beam was guided in circular drilling trajectories by a 
galvo-head (75 mm/s maximum tangential speed). Helium was used as assist gas 
(0.7 MPa) to shield the occurrence of plasma and to convey the ablated particles 
towards a suction probe placed under the nozzle. Drilled micro-holes were cross 
sectioned at the center after measuring the hole taper by optical stereomicroscope. 
The inner walls were firstly inspected by Scanning Electron Microscope (SEM) to 
verify the presence of LIPSS. Then a Shear Force Microscope (SHFM) tested in a 
previous research [2] was used to acquire topography maps of the inner walls. The 
details of the SHFM are provided in section 2.2.3 of chapter 2. From these maps it 
was possible to measure the ripple average height and to derive inclination and 
periodicity of the surface pattern. 
 
 
A
A
A-A
FUEL
LASER
250 µmØ 180 µm
NOZZLE
COUNTERBORE
SPRAY HOLE
SPHERE
(a)
(b)
(c)
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6.4 DRILLING STRATEGY FOR OBTAINING ORDERED RIPPLES 
The strong correlation between polarization direction and ripples orientation 
suggests the absorbed electromagnetic field vector into the sidewall to be the main 
control parameter for the self-arrangement of the surface “soft” state. Elliptical 
polarization at normal incidence (θi=0°) generates LIPSS elongated perpendicularly 
to the direction of the strong field (major axis of the ellipse) [11]. Conversely, 
circular polarization does not lead to LIPSS formation unless large θi are used. This 
is because the strong anisotropy in absorption of the p- and s- light components at 
grazing incidence produces anisotropy in the electromagnetic field absorbed by the 
material [11]. The phenomenon is sketched in fig. 6.2: the tapered sidewall 
occurring in the pre-hole processing generates uneven absorption of circular 
polarization resulting in an effective field Ea oriented along a direction forming an 
angle α with respect to the x-axis. 
 
 
Fig. 6.2: (a) Plane of incidence cross-sectioning the tapered pre-hole (b) absorbed 
field vector on the sidewall Ea over a SEM image of LIPSS with perpendicular 
orientation respect to the vector. 
 
Ripples are consequently supposed to grow perpendicularly to the absorbed field 
direction [9]. In a simplified model [13], α can be related to θi and to the material 
properties starting from  
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Where, θt is the refraction angle (see fig. 6.2a) and n the refractive index of the 
material. Following an approach based on the Fresnel laws [13], the relative 
amplitude of the x and y components of the absorbed electric field projected onto 
the sidewall surface, Eax and Eay, can be determined. Finally, the angle α can be 
estimated by  
ߙ ൌ arctanሺாೌ೤ாೌೣሻ              (2) 
Fig. 6.3 reports the results of the α calculation as a function of θi where the real part 
of n and the extinction coefficient k of the complex index of refraction, both 
entering into the calculation, were estimated 3.6 and 5.6 respectively, weighting the 
optical properties of the elements composing the used steel in the near IR, as found 
in the literature [14]. In the present study the polarization of the laser beam was 
kept constant, while other process parameters were modified in order to assess their 
role in LIPSS formation.  
 
Fig. 6.3: Theoretical angle α of the absorbed field vector Ea with respect to x axis 
as a function of the angle of incidence of the beam on the sidewall. 
 
Assumed that LIPSS are generated at the ultimate laser passes on the sidewall, a 
drilling procedure enabling the adjustment of surface pattern by controlling the 
taper angle of the pre-hole, ruling the angle of incidence (see Fig. 6.2), can be then 
hypothesized. Subdividing the drilling procedure in three steps, as specified in the 
following, may lead to an increase in quality and in sharpness of the ablated edges 
and also in the control of the surface pattern.   
 
(i) Cylindrical through hole of 50-60 µm diameter obtained by a circular 
trepanning (fixed trajectory radius 17.5 µm). An internal core of 10 µm is 
indirectly ablated by energy diffusion. For passing through the material 60 
turns are performed with 50 µJ pulses deployed at 100 kHz and 50mm/s 
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tangential speed. This pilot hole has a rough aspect but allows helium to 
penetrate inside and better evacuate metal vapors. 
(ii) Enlargement phase obtained with a spiral trajectory, at constant tangential 
speed of 50 mm/s, up to the nominal diameter (final trajectory radius 77.5 µm) 
with number of passes ranging between 50 and 100.  Pulse energy adopted is 
50 µJ at 100 kHz. It can be considered more appropriately a micro-cutting 
phase bringing to the expected tapered pre-hole for the generation of ordered 
LIPSS, as described above.  
(iii) Cylindrical spray-hole is obtained by 50 additional turns at the final 
trajectory radius. The tapered exit of the hole is removed without enlarging the 
entry side. LIPSS are supposed to acquire their final structure in this phase 
evolving from the inclined surface created in the step two. Pulse energy (10-50 
µJ), repetition rate (12.5-100 kHz) and tangential speed (10-75 mm/s) are 
varied to study their influence on the direction, period and size of the sidewall 
pattern. 
 
6.5 RESULTS AND DISCUSSION 
A typical cross section of spray-hole is shown in fig. 6.4: LIPSS structure was 
analyzed in three zones of the sidewall corresponding to the entrance of the laser, 
the center and the exit. 
 
 
Fig. 6.4: SEM view of a spray-hole cross section and a detail of the sidewall 
showing LIPSS inclined respect to the hole axis by a measured angle β.	
 
Geometrical features of the pattern were acquired in the three zones to verify the 
uniformity of the texturing process at increasing the drilled thickness. In order to 
assess the repeatability of the process, a set of different machined holes has been 
analyzed, demonstrating that the main features of the LIPSS, and their occurrence, 
as well as their dependence on the fabrication parameters, are well reproducible 
(typical variations of the measured averaged quantities from one to another sample 
are on the order of 10%). Maps (50µm x 50µm) acquired by the SHFM were used 
Laser in
Laser out
Center
100 µm
LIPSS 
angle β
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to derive the inclination of the LIPSS direction with respect to the hole axis using a 
self correlation procedure, as reported in fig. 6.5. 
 
 
Fig. 6.5: (a) Typical 3D view of the acquired maps; (b) top view of the filtered map 
with visible LIPSS (hole curvature removed). The green segment represents the 
direction of a line profile analysis. (c) Self-correlation map used to derive the angle 
β.	
 
Experiments showed that increasing the number of turns in the pre-hole 
enlargement (step II) varies θi almost linearly from 50° to 85°. The corresponding 
range in the LIPSS angle β is 53°–75° which is in well agreement with the 
theoretical expectations (see, e.g. Fig. 6.3). LIPSS angle measured at the laser 
entrance zone (βi) is slightly higher than in the other regions showing similar 
values. This is because, after the step II, the pre-hole surface is less tapered at the 
entry side being it exposed to the focused beam. 
 
Fig. 6.6: LIPSS angle β vs. pulse energy for the three zones measured. Indexes of β 
(i, c , o) are referred to the tree zones reported in fig. 6.4 (a). 
 
In order to facilitate the cleaning of the sidewall surface, taking advantage of the 
nozzle fluid-dynamics, LIPSS should offer the lowest angle β as possible respect to 
the fuel jet direction. Results obtained increasing pulse energy in step III (at 100 
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kHz and speed 50 mm/s) are reported in Fig. 6.6. Every point in the graph is the 
averaged value of three different measurements. 
 
LIPSS angle decreases with increasing pulse energy: a possible explanation is 
related to the higher quantity of material brought in the soft state by a larger 
amount of energy. With these process parameters, beyond 35 µJ, the momentum of 
a more vigorous phase explosion might play a significant role varying β respect to 
predicted values. As a consequence, the pattern generated at the highest values in 
the investigated range shows shorter and less regular structures. LIPSS tend to 
bifurcate and to cross link each other, which does not correspond to the intended 
purpose of producing microstructures aimed at preventing coking deposition. 
Conversely pulses of 10–20 µJ do not generate a cylindrical hole after 50 turns, 
requiring additional drilling time, since the energy density, ED (Eq. 3) supplied to 
the material (ratio between averaged power Pavg tangential speed v and spot 
diameter Øspot) decreases down to 0.8 J/mm2. 
 
ܧܦ ൌ ௉ೌ ೡ೒௩∅ೞ೛೚೟ 	ൌ 	
ா೛௙
௩∅ೞ೛೚೟              (3) 
Increasing repetition rate (at 50 µJ and 50 mm/s) shows an opposite behavior 
leading to an increase of LIPSS angle (fig. 6.7). Especially, results obtained at 12.5 
kHz shows an interesting pattern owing to its smaller inclination to the hole axis, 
more favorable to the evacuation of particles and coking deposition. 
 
Fig. 6.7: LIPSS angle β vs. repetition rate for the three zones measured. The dashed 
line is a guide to show the trend.	
 
LIPSS periodicity is the second important feature of the surface pattern: the higher 
the ripple spacing the easier the evacuation of residual particles and coking. 
Averaged crest-to-crest distance was measured by a Fourier transform analysis of 
the height profile along a sampling line perpendicular to the LIPSS orientation 
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(green line in fig. 6.5b). The LIPSS periodicity Λ was found almost constant 
irrespective of the pulse energy adopted with an average value of 650 nm and a 
relative standard deviation of 0.02. On the contrary, a remarkable dependence was 
found as a function of the repetition rate (see fig. 6.8): the spacing at f =100 kHz 
was almost one half that at small repetition rate. From this observation it is possible 
to conclude that the time between two pulses has an influence on the developing 
texture. The longer time (80 µs) causes a coarser ripple size. 
 
Fig. 6.8: LIPSS periodicity Λ vs. repetition rate for the three zones measured. The 
dashed line is a guide to show the trend. 
 
 
Fig. 6.9: Ep= 50 µJ: (a) entangled pattern obtained at 100 kHz and 25 mm/s; the 
proposed evaluation procedure for β and Λ allows only for an averaged estimation 
in case of not ordered surfaces. (b) Well ordered pattern obtained at 12.5 kHz and 
75 mm/s. 
 
Changing tangential speed has also some influence on LIPSS orientation and 
periodicity. Increasing v, pulse overlap and ED are lowered resulting in more 
elongated and spaced surface features. SHFM was used to measure the height 
profile of the generated LIPSS: data of root-mean-square surface roughness, Rq 
were acquired perpendicularly to LIPSS orientation. Rq is about 100-120 nm for 
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tangential speed in the range 10-40 mm/s even though the resulting ED (20-5 
J/mm2) is high enough to melt the LIPSS crests together in an extremely disordered 
ripple pattern which makes the evacuation of particles almost impossible (fig. 
6.9a). 
 
Conversely the combination of  f=12.5 kHz with v=75 mm/s  even at the highest 
pulse energy (50 µJ) results in long and well spaced (~1µm) series of 50° 
orientated ripples, having an average height of 150 nm, as shown in fig. 6.9 (b). 
The much lower ED input (0.3 J/mm2) avoids secondary phenomena of ripple 
cross-linking leading to a disordered surface pattern. Anyhow the lack of ED to 
obtain a cylindrical hole has to be compensated by additional 50 turns (100 total 
turns for the step III) at the final trajectory radius. These multiple passes do not 
vary the generated surface patterns being the time between 2 turns (10ms) several 
orders of magnitude higher than the time for self-rearrangement of the surface 
under the action of the absorbed field. 
 
6.6 CONCLUSIONS 
A 3-steps method for laser drilling of cylindrical spray holes was proposed with the 
aim of generating the self-organized rippled pattern under the action of the 
absorbed electromagnetic field. The resulting drilling technique is able to attain the 
expected cylindrical shape within the process time of 2.5s with respect to the 10.5s 
of conventional µ-EDM. It enables as well to obtain a micro-structuring of the 
inner hole surface with geometrical features depending on the process parameters. 
In particular, the proposed selection of parameters can represent a possible solution 
to the trade-off between process time and optimized surface structuring. First 
analysis on the drilled spray holes by high speed camera imaging of the spray 
development have shown improvements in the atomization effects considering that 
the averaged droplet size was found to decrease of about 10% respect to 
conventional laser trepanned holes while spray cone angle increased more than 
20%. Cross sectional inspection of spray hole on injectors used for 50 hours on a 
test GDI engine, revealed that coking is not covering the entire inner wall, as for µ-
EDM processed injector nozzles. 
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CHAPTER 7 
ANALAYSIS OF ENERGY CONSUMPTION IN MICRO- 
DRILLING PROCESSES 
 
 
 
This chapter introduces energy consumption as one of the key performance 
indicator for micro-manufacturing along with other conventional attributes like 
surface quality, time and flexibility. The present study is aimed at 
characterizing different micro-drilling (µ-drilling) processes of fuel injector 
nozzles from an energy perspective. Two laser based drilling techniques 
namely, ultrashort pulsed laser and water jet guided laser are compared with 
conventional Electrical Discharge Machining (EDM) from multi-objective 
point of view.  
 
Specific Energy Consumption (SEC, expressed in energy consumed per unit 
volume of material) within the setup and parameters range for different µ-
drilling techniques have been tested in this study. Results showed that SEC 
increases with the increase of the applied energy for the drilling of µ-holes for 
the investigated techniques. Among the compared techniques, pure laser 
drilling is the most flexible technique that consumes the least amount of energy 
and generates the smooth surface in shortest process time. 
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7.1 INTRODUCTION 
Energy consumption has become a driver for manufacturing community due to 
constantly increasing cost of energy and global regulation of environmental factors 
related to energy production and use. The large use of energy in manufacturing 
accounts about 37% of total world’s energy consumption [1] and is responsible for 
the significant CO2 emissions [2]. There is a strong demand for energy 
conservation as it can contribute to environmental performance during material 
removal processes. Minimizing the energy consumption of manufacturing 
processes benefits the manufacturers economically as well as improves the 
environmental performance. In order to achieve a reduction of energy intensity all 
manufacturing processes have to be assessed in terms of energy efficiency.   
 
Traditionally four main classes of manufacturing attributes, namely quality, time, 
cost and flexibility are the performance indicators for a production system. The 
research and development in case of efficiency assessment of manufacturing has 
always focused on technological improvements, however often at the expense of 
higher energy consumption. Energy consumption, a key to sustainability is not 
being considered as performance indicator.  
 
The research on new technological process is now strongly influenced by the 
requirement of obtaining reduction of energy consumption and environmental 
aspect. Laser based technologies and other micro-machining techniques like micro-
Electrical Discharge Machining (µ-EDM) are recognized as important in 
processing molds, dies and smaller sized critical parts in automobile, aerospace and 
surgical components with high precision. In order to reduce the machining process 
energy consumption and to improve process performance a comparative analysis is 
required among alternative machining technologies. In some cases this is quite 
simple to (e.g. hardening, tempering) understand the beneficial improvements 
introduced by laser based technologies but in other processes it is not so easy like 
in drilling.  A detailed study on laser based drilling would provide an in depth in 
case of energy transformations and as a consequence on process energy 
consumption. 
 
7.1.1 Importance of energy consumption 
Several authors have tried to analyze energy consumptions by empirical or 
statistical modeling for conventional machine tools. Gutowski et al. [3] analyzed 
the energy consumption of conventional machines and reported energy distribution 
of each machine components. Rajemi et al. [4] developed a methodology of 
optimization by analyzing energy use in turning operations for a machined product. 
Kara and Li [5] developed an empirical model to characterize the relationship 
between energy consumption and process variables for material removal processes. 
Diaz et al. [6] suggested using a specific amount of energy according to the process 
rate to develop an energy saving strategy. Mori et al. [7] reduced the energy 
consumption modifying cutting conditions by using the specific energy as a 
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benchmarking tool. Guo et al. [8] optimized the cutting parameters for finish 
turning operations to minimize the energy consumption for a specified surface 
roughness. Li et al. [9] presented an improved energy consumption model based on 
thermal equilibrium and empirical modeling to characterize the relationship 
between process variables and energy consumption for milling machines.  
 
Manufacturing processes have been directed towards higher precision and smaller 
size scales by the use of new technologies. These new processes, which often 
operate in the vapor phase, have much smaller throughputs in terms of the unit of 
material removed in a unit of time. The result is a rather orderly progression of 
manufacturing processes into lower and lower processing rates and higher and 
higher specific electricity requirements. This trend is displayed in [10] for different 
manufacturing processes as a function of the rate of material processing.  
 
Some researchers have studied the energy consumptions of laser based processes. 
Wang [11] analyzed the energy efficiency of CO2 laser cutting process for difficult 
to cut metallic coated sheet steel with respect to various process parameters. 
Coelcho et al. [12] studied the laser welding of plastics and characterized the weld 
process by the specific energy required for each thickness and kind of plastic used. 
Kaierle et al. [13] demonstrated that laser-supported manufacturing technique like 
laser welding can be a valuable alternative to conventional thermal processing due 
to localized heat input at low energies, controllability, increased processing speed, 
reduced consumption of material and less post processing. Franco et al. [14] 
analyzed the selective laser sintering process from an energy stand point 
particularly calculating the volumetric productivity and energy intensity. Apostolos 
et al. [15] investigated laser machining energy efficiency and concluded that higher 
laser power and higher pulsing frequency improves the energy efficiency. 
Loktionov et al. [16] studied the femtosecond laser ablation of metals and 
optimized the process parameters from the energy efficiency point of view. It can 
be concluded that energy consumption has become a key issue for processing of 
metals.  
 
7.1.2 Research objectives 
Although Duflou [17] indicated that the percentage of energy spent at the process 
itself is typically a small percentage of the total energy required, the present study 
is aimed at characterizing different micro-drilling (µ-drilling) processes (like µ-
EDM and laser based processes) of fuel injector nozzles from an energy 
perspective. This study focuses on Specific Energy Consumption (SEC, expressed 
in energy consumed per unit volume of material) for different technological 
processes; in particular attention is focused on µ-drilling processes. The study of 
the processes would provide the deeper possible understanding of the energy 
transformations that take place during the manufacturing process. Moreover, the 
literature lacks in studies dealing with the energy efficiency of non-conventional 
processes, allowing space for significant energy gains at process level. The concept 
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of comparative analysis of the energy consumption in micro-drilling of fuel 
injector nozzles drilled by electro erosion and lasers has not been reported yet. In 
short, this study is therefore, focused on:  
 Analyzing the processing parameters of µ-EDM, water jet guided laser and 
ultrashort pulsed laser drilling of spray holes from the point of view of 
specific energy consumption. 
 Performing a comparative analysis among different drilling techniques 
from qualitative, economic and energy/environmental perspectives. 
 
7.2 EXPERIMENTAL DETAILS 
Micro-holes (µ-holes) for Gasoline Direct Injection (GDI) nozzles are 
conventionally drilled by µ-EDM with hole diameters of 150-200 µm and 
thickness of about 250-350 µm. The ability to produce µ-holes with high aspect 
ratio (thickness/hole diameter) of about 5 is a distinguishing advantage of the µ-
EDM process. Anyhow this consolidated process is recently facing new challenges 
[18] which mainly concern the flexibility in changing the hole geometry and the 
decrease in process time. Another relevant issue in the production of deep µ-holes 
is the possibility to work with higher efficiency and quality in dry environment 
thus avoiding pollutants dispersed in the de-ionized water of µ-EDM drilled 
machines. To avoid these difficulties, two laser based techniques are tested as 
alternatives for micro-drilling of spray holes.  The details of material used for 
drilled samples and the different drilling techniques are described in following 
sections.  
 
7.2.1 Material  
Martensitic AISI 440C stainless steel is selected to produce GDI nozzles because it 
combines good resistance to corrosion and wear.  
 
7.2.2 Drilling techniques 
Experiments are carried out on real injector components in order to assess the 
feasibility of the proposed drilling techniques in a real production environment. 
 
 
Fig. 7.1: (a) 3D view of a GDI nozzle, (b) spray hole with the counterbores, (b) 
Cylindrical hole geometry achieved at the end of the drilling process.  
Section A - A
300 µmØ 180 µm
(a) (b)
(c)
 116 
 
For the drilling of cylindrical spray holes with a diameter of 180 µm and thickness 
of 300 µm starting from the flat surface of counterbores previously micromilled as 
shown in Fig.7.1 (b) and (c), machining conditions can be summarized as follows. 
 
(i) The µ-EDM process is obtained by a Sarix generator SX-200 (SARIX SA, 
Switzerland). Experimental conditions for µ-EDM adopted in this work are 
shown in Table 7.1. Discharge energy is varied between 3.25 µJ and 15 µJ (in 
constant steps of 2.25 µJ): these limiting values (obtained using parameters 
defined in Table 7.2) are selected to investigate a wider range of values respect 
to the industrial practice and will be used as characterizing remarks for the 
measured energy consumptions. The abovementioned values determine two 
opposite drilling conditions (i) high pulse energy (HE) ensuring a rougher but 
faster material removal and (ii) low pulse energy (LE) which should provide a 
refined surface quality as a consequence of lower removal rate. 
  
Table 7.1: Experimental conditions for µ-EDM drilling process 
Dielectric De-ionized water 
Electrode material Tungsten Carbide 
Electrode diameter [µm] 80 
Electrode rot. speed [RPM] 800 
Polarity Negative electrode
 
 
Table 7.2:  High and low pulse energy parameters 
 High pulse energy Low pulse energy 
Pulse energy, We [µJ] 15 3.25 
Voltage, Ue [V] 150 100 
Peak current, ie [A] 7 3 
Pulse-on duration, te [ns] 100 60 
Frequency [KHz] 150 150 
Processing time [s] 10 18 
 
(ii) Posalux HP1 laser drilling machine is employed for drilling fuel injector 
nozzles by water jet guide laser or laser micro-jet (LMJ) technology. The 
process time is 4 s. The working principle and the drilling technique of LMJ is 
described in section3.2.2.2 of chapter 3. The experimental conditions for LMJ 
adopted in this work are shown in table 7.3. 
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Table 7.3: Experimental conditions for Laser Micro-Jet (LMJ) 
Laser 
Laser type Industrial Nd:YAG, 
classical resonator 
Transverse mode Multimode 
Polarization Random 
Wavelength [nm] 1064 
Average power [W] 18 
Peak power [Wpeak] 450 
Pumping source Diode Pumped 
PRF (pulse repetition frequency) [Hz] 2000 
Pulse duration range [µs] 20 
Pulse energy [mJ] 9 
Fluence [J/cm2] 2866 
Specific power [MW/cm2] 5.7 
Process water and gas 
Process water Demineralized water 
Conductivity [µS/cm] < 0.5 
Water nozzle diameter [µm] 20 
Water pressure [MPa] 50 
Jet tangential speed [mm/s] 1.3 
Cycle time [s] 4 
Process gas Helium (97.5% purity), Filtered 
air 
 
(iii) Ultrashort pulsed laser drilling is a pure laser ablation and is performed with a 
Raydiance (US) Starfemto R-100 femtosecond fibre laser (details in table 7.4) 
which conveys a 3.8 mm unfocused beam in an ARGES (Ge) scanning head (5 
axes controlled galvanometer). The scanning head enables to set position, 
focusing and inclination of the beam giving it a precessional movement around 
the hole axis. A λ/4 wave plate is used to have circular polarization. For pulses 
in the order of hundreds of fs the pulse duration is much shorter than the time 
required for electrons to relax and transfer energy to the lattice. Electrons are 
excited instantly and in about 1 ps they transfer energy to the positive ions [19]. 
If the energy is high enough, which is common for ultrashort pulses, the ions 
get energy to break the lattice bonding, as for a shock pressure wave. Direct 
solid vapor transition occurs because of insufficient time to transfer energy to 
the neighboring lattice ions. Heat conduction is thus negligible and Heat 
Affected Zone (HAZ) is expected to be minimal.  
 
The drilling is performed in three steps. In first phase, a cylindrical through 
hole of 50-60 µm diameters is firstly performed by a circular trepanning. 
During the second phase the beam rotates from the initially drilled hole radius 
to nominal radius, making a spiral.The last phase permits to achieve a 
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cylindrical hole. In this phase the beam rotates at nominal diameter for a 
number of passes sufficient to remove the material left by previous phase on 
the exit side of the hole. Pulse energy is varied from 10-50 µJ to see the effects 
of used pulse energy on energy consumption and on the quality of the 
generated surface. The Pressurized helium (0.7 MPa) is used as processing gas.  
 
Table 7.4: Process parameters adopted for the laser micro-drilling process. 
Wavelength [nm] 1552 
Pulse duration [fs] 800 
Spot diameter [µm]  20 
Pulse energy [µJ] 10, 20, 30, 40, 50
Pulse frequency [kHz] 100  
Tangential speed [mm/s] 75  
 
7.2.3 Sample preparation 
For microscopic analysis of the inner hole wall morphologies, the samples were 
prepared by cutting with a diamond disc, grinding it up to the intersection of the 
hole by a rotating grinder. The inner walls were firstly inspected by Scanning 
Electron Microscope (SEM). The Shear Force Microscope (SHFM) was used to 
measure the surface roughness and edge sharpness from the obtained topography 
maps of the inner walls. The details of the SHFM are provided in section 2.2.3 of 
chapter 2. For SEM and SHFM observation of inner hole surfaces, the samples 
were cleaned by ultrasonic cleaning in a water solution containing citric acid.  
 
7.3 COMPARISON AMONG THE DIFFERENT TECHNIQUES 
Different drilling techniques employed for micro-drilling are compared from the 
multi-objective perspectives like energy consumption, quality, time and flexibility. 
Using multi-objective analysis will be very helpful for comparing and decision 
making between electro erosion and laser based processes.   
 
7.3.1 Energy consumption 
In order to have a comparison the energy consumption of different drilling 
techniques the SEC is defined as follows. 
 
ܵܧܥ ൌ ா௏ ൌ
௉ೌ ೡ೒
ெோோ          (1) 
Where, E is the consumed energy [J], V is the volume of material removed [mm3]. 
The SEC can also be calculated as a ratio of average power [W] and Material 
Removal Rate (MRR) [mm3/s]. For µ-EDM 3.25 µJ is defined as low energy and 
15 µJ is defined as high energy and the discharge energy is varied between these 
two values in constant steps of 2.25 µJ. Fig. 7.2 shows the effect of variation of 
spark energy on SEC. With the increase of discharge energy as the drilling through 
time decreases, the volume of material to removed material remains the same and 
as a result specific energy consumptions increases almost linearly.  
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Fig. 7.2: Experimental analysis of µ-EDM: SEC as a function of average energy. 
 
The variation of SEC with respect to the variation of pulse energy for ultrashort 
pulsed laser drilling is shown in fig. 7.3. The increase of SEC with respect to pulse 
energy is unlike µ-EDM although the variation of pulse energy is also performed in 
constant step [10 µJ in each step]. The energy consumption for pure laser drilling is 
less than µ-EDM. 
 
Fig. 7.3: Experimental analysis of ultrashort pulsed laser drilling: SEC as a 
function of average energy. 
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7.3.2 Surface quality and drilling time 
The SHFM setup, commonly used for laboratory application is employed for 
surface roughness analysis for production purpose, as the setup offers a true non-
contact operation and prevents tool wear since shear forces are used. To analyze 
the effect of the selected processes on surface roughness, the acquired typical 
SHFM maps are analyzed by the root-mean-square surface roughness, Rq and the 
details are available in section 2.2.3 of chapter 2.  
  
Fig. 7.4: Surface roughness, Rq and drilling time as a function of discharge energy 
adopted for µ-EDM.  
 
Fig. 7.4 summarizes the variation of Rq and drilling through time with discharge 
energy adopted in the tested range for µ-EDM. Rq increases almost linearly 
between LE and HE. Drilling time decreases non-linearly with the increase of 
discharge energy: it can be seen that to obtain the best surface quality (Rq =230nm) 
the drilling time results in an increase of 80% with respect to the HE. HE parameter 
as described in table 7.2 is selected as process parameter for µ-EDM as it is 
generating the micro-drilled (µ-drilled) holes in shortest drilling time.   
 
For ultrashort pulsed laser drilling the characterizing values (peak-to-valley 
distance) of the ablated surfaces are measured cross sectioning ten samples per 
pulse energy value. Averaged values referring to the central area of the µ-drilled 
hole are reported in table 7.5 for the different pulse energy values in the tested 
range. Results show a variation in the averaged peak-to-valley distance for the 
variation of pulse energy. Laser parameters reported in table 7.4 with 50 µJ pulse 
energy is selected as the process parameter for comparison with other drilling 
techniques, as it is generating the highest peak-to-valley distance in a shortest 
drilling time. 
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Table 7.5: Characteristics of laser ablated surfaces for adopted pulse energy range 
Energy 
level 
[µJ] 
Averaged peak-
to-valley 
distance [nm] 
Deviation from the 
averaged peak-to-
valley value [%] 
Needed drilling 
through time 
[s] 
10 65 5.7 7.5 
20 68 3 5.3 
30 78 3 4.4 
40 80 6.25 3.6 
50 82 9.75 2.5 
 
To understand the evolution of roughness inside the micro-drilled hole, Rq 
evaluation in area of 50μmx50μm for µ-EDM and ultrashort pulsed laser drilling is 
shown in fig. 7.5. The average Rq value for µ-EDM and pure laser drilling is 390 
and 90 nm respectively. From fig. 7.5 it is clear that ultrashort pulsed laser 
generates the smooth surface between the two compared drilling techniques.  
 
 
Fig. 7.5: Rq parameter of the µ-holes drilled by µ-EDM (green line) and fs-laser 
drilling (red line). 
 
7.3.3 Flexibility 
Spray holes for gasoline injectors have been made by µ-EDM for many years. 
Although this is a well-tested technology which has proven to be reliable, there are 
certain limitations with respect to flexibility in changing the shape of the hole. In 
case of GDI nozzles, the sharper the hole inlet edge the greater the turbulences 
during the inflow to the spray hole. This is a highly desired effect as increased 
turbulence levels leads to a strong break-up of the individual spray plumes 
reducing the spray penetration. In addition to that for eroded holes if the reduction 
of spray penetration is desired, it is necessary to increase the length of the hole 
quite drastically, which is sometimes not possible for the reasons of stability. The 
need for improved atomization and reduced penetration requires the reduction of 
diameter of the hole and as a consequence the increase of the aspect ratio. 
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Although smaller size holes reduce the initial liquid jet dimension and improve the 
atomization, are difficult to manufacture with conventional technology like µ-
EDM. This problem of producing smaller sized µ-holes is solved by ultrashort laser 
drilling. Another major limitation of µ-EDM is the inability to create non-round 
holes is also solved by fs-laser. In fs-laser drilling as there is no defined tool 
diameter it is possible to drill holes with different diameters in one and the same 
clamping process. 
 
Edge radiuses of drilled spray holes were measured by SHFM (see Section 4.3.2.4 
of Chapter 4) and also by SEM (see Section 5.3.3 of Chapter 5). The edge radius 
ranges between 1.2 to 4 µm and between 0.5 to 1 µm for µ-EDM and fs laser 
drilled samples, respectively.  
 
7.4 DISCUSSION 
The experimental analysis shows that the specific energy consumption of three 
processes compared is similar: assuming different operating conditions it is 
possible to obtain quite similar values. For water jet guided laser drilling the power 
used for drilling is a summation of laser power and the power required for the 
water jet. For water jet SEC is highest among all the three drilling techniques and it 
is almost one order of magnitude higher than ultrashort laser drilling (as the value 
of SEC for LMJ is 13550 J/mm3). Among the three employed drilling techniques 
pure laser drilling is the most energy efficient from perspective of the calculation 
of process energy.  
 
The electricity used per unit of material processed for different µ-drilling 
techniques as a function of the rate of material processing is compared with 
Gutowski [10] chart. The process rate is defined as the ratio of amount of material 
removed to the needed time for drilling and Energy Intensity (EI) is defined as the 
ratio of consumed energy to amount of material removed.  For µ-EDM, the 
electricity requirement for HE and LE are 3.8*108 J/kg and 1.5*108 J/kg 
respectively and compared to Gutowski [10] which is lower and it is obvious as the 
processing energy is only considered. Maximum energy requirement for the actual 
machining is only a small percentage compared to the total energy requirement for 
the machine peripherals [10, 15]. The rate of material processing for the HE and 
LE for µ-EDM are 12*10-6 Kg/h and 21.5*10-6 kg/h respectively and are almost in 
the same range of values presented by Gutowski [10]. For LMJ the EI is 1.7*109 
J/kg and processing rate is 54* 10-6 kg/h. For ultrashort pulsed laser, the EI ranges 
from 1.3*108 J/kg to 2.4*108 J/kg and the processing rate from 29*10-6 kg/h to 
86.5*10-6 kg/h. If the total energy consumption is considered all the compared 
drilling techniques could fall in the high specialized group with process rate 10-6 
/10-2 kg/h and EI 1010 /1014 J/kg.  
 
Considering the multi-criteria like quality, time, energy and flexibility; the 
smoother the surface, the less the cycle time, the less the amount of SEC and the 
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more flexible the process the better for decision making. From the multi-objective 
analysis of different drilling techniques it is evident that it is very difficult to have 
all the best combination all together. Therefore, there should be a trade-off between 
quality, processing time, flexibility and SEC for each drilling technique. As there is 
no particular standard range of value of surface quality and processing time, it is 
not so straightforward to have an optimized value for a particular drilling technique 
like µ-EDM, LMJ or ultrashort pulsed laser drilling. For µ-EDM, specific 
consumption of energy increases almost linearly, the drilling time decreases and 
the surface roughness increases with the increase of spark energy. For ultrashort 
pulsed laser drilling the variation of pulse energy results the same trend for cycle 
time and surface roughness like µ-EDM except for SEC.  
 
From the point of view of surface roughness the average Rq value for LMJ is 140 
nm which is lower than the roughness generated by the µ-EDM technique other 
than higher from the roughness value of pure laser drilling. The cycle time for LMJ 
is 4s which is higher than the two higher pulse energy values employed in this 
experiment and lower than all the employed spark energy values of electro erosion. 
From the flexibility view point for LMJ the diameter of the water jet determines of 
the diameter of the hole and presence of protruding crests in all the LMJ samples 
made impossible the determination of a correct edge radius. 
 
Taking into consideration the SEC, surface roughness, drilling time and flexibility 
of changing the hole design separately it can be concluded that ultrashort pulsed 
laser drilling is the most suitable technique for µ-drilling of fuel injector nozzles. 
Although the pulse energy and spark energy range tested in this experiment are not 
same, the value of SEC is 1640 J/mm3 and 2950 J/mm3 for highest values of pulse 
energy and spark energy respectively. In addition to that the SEC value of water jet 
guided µs laser is 13550 J/mm3 for the average energy employed which is almost 
one order of magnitude higher than other drilling techniques SEC values. From 
surface roughness and drilling time’s point of view, ultrashort laser with 50 µJ 
(highest energy value) drilling generates the smoothest surface with Rq value of 
90nm as shown in fig. 7.5 in shortest drilling time of 2.5 s. The fs laser drilling has 
more flexibility in changing the shape of the hole with the capability of generating 
the most sharp edged hole inlet among the compared drilling techniques.  
 
If the multi-objective analysis is performed considering all the criteria’s together, 
no particular drilling technique could be ranked the best as there is a strong 
opposition among quality, energy consumption and time. For example, in case of 
µ-drilling with fs laser with 40 µJ of energy the SEC is the highest among all the 
compared values of applied pulse energy although the Rq and drilling time is 
shorter than those values for 50 µJ of applied energy. From the industrial point of 
view i.e, the process having the minimum cycle time and generating a considerable 
surface roughness 50 µJ pulse energy of fs laser drilling can be one of the optimum 
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value for µ-drilling of GDI nozzles as the SEC is also in a considerable range 
compared to its nearest applied energy value. 
 
7.5 CONCLUSIONS 
Two laser based drilling techniques have been compared with conventional µ-
EDM from multi-objective point of view like energy consumption, surface quality, 
time and flexibility. Within the setup and parameters range for different drilling 
techniques tested in this study the following points can be concluded. 
 Specific energy consumption increases with the increase of applied energy for 
the drilling of µ-holes for the investigated techniques. 
 Despite of the use of different pulse or spark energy for different drilling 
techniques, the fs-laser drilling consumes the lowest amount of energy. 
 Ultrashort pulsed laser drilling generates the smooth surface in the shortest 
drilling time among the compared drilling techniques. 
 Pure laser drilling is most flexible technique among the compared drilling 
techniques. 
 Energy consumption of the employed processes can be considered as an 
important criterion for multi-objective analysis. 
 From the industrial point of view 50 µJ pulse energy of fs laser drilling can be 
considered one of the optimum value for µ-drilling. 
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CHAPTER 8 
A STUDY ON THE CONTROL OF MELTING RATIO TO 
INCREASE MECHANICAL PROPERTIES OF LASER 
WELDED JOINTS BETWEEN AISI 440C AND AISI 430F 
 
 
 
This chapter investigates laser beam welding of dissimilar AISI 440C and AISI 
430F stainless steels in a circular constrained configuration. The beam incidence 
angle and the offset of the focusing position respect to the contact point between 
the two materials are used as main control parameters to vary the melting ratio 
inside the seam. The objective of the study is twofold: to avoid surface micro-
cracks related to the high percentage of carbon of the martensitic steel and to 
enhance the shear strength of the weld by making it less brittle. To reach this scope 
the effects of incidence angle and offset on weld bead geometry and melting ratio 
have been studied by means of metallographic analyses, microstructure and micro-
hardness characterization. As last step, the weld mechanical strength has been 
tested by tensile-shear stress test on the whole seam. Experiments demonstrated 
that varying incidence angle and offsetting the focal position is a reliable method to 
modify the melting ratio and maintaining the expected resistance length at the 
material interface, as well. It was found that increasing the percentage of ferritic 
steel into the joint has beneficial effects on the weld quality and on the shear 
resistance. The critical carbon content determining the mechanical properties in the 
fusion zone can be calculated by taking into account the melting ratio. 
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8.1 INTRODUCTION 
The demand for dissimilar metals welding is increasing in industries because of 
satisfactory service performance. Many problems are associated to this topic, 
depending on the metals being joined and the process employed. In the welding of 
dissimilar metals, the different metallurgical and physical properties such as 
thermal conductivity, thermal expansion coefficient and melting point should be 
taken into consideration. The formation of detrimental metallurgical phases in 
these welds could result in decrease in mechanical and functional properties of the 
joint. Among the available welding techniques, laser welding has received 
increasing attention [1]. Laser beams permits high quality joints with narrow Heat 
Affected Zone (HAZ), low residual stress and small distortions [2]. The high 
cooling rate favors the formation of a fine microstructure, and this normally 
imparts improved mechanical properties [3]. Several efforts have been done to 
understand the mechanical and microstructural behavior of dissimilar metal welds 
and to optimize the welding processes used.  
 
Mai and Spowage [4] studied the joints of dissimilar metals welded using a 
Nd:YAG laser without filler material. In particular, they studied the fusion zone, 
the microstructure, the presence of defects, hardness and residual stress of the 
joints. The study reveals that controlling the melting ratio of metals is a key factor 
for obtaining a defect-free welding. However, homogeneous mixed melt zone 
could be achieved in the Al/Cu overlap joints using high frequency beam 
oscillation and increased scan width [5], although with an increased porosity.  
 
Welding quality is strongly characterized by the weld bead geometry, since it plays 
an important role in determining the mechanical properties of the welded joints. 
Anawa and Olabi [6] used the Taguchi method to optimize weld pool fusion area of 
dissimilar AISI316 stainless steel and AISI 1009 low carbon steel plates. In this 
scenario, among the selected parameters, welding speed and laser power had major 
effects on fusion area. The fusion zone of the austenitic-martensitic stainless steel 
microstructure is compatible to ferritic-martensitic and the hardness rises severely 
in the martensitic stainless steel HAZ with laser power increment [7]. The weld 
geometry is not influenced by the variations of the beam position in keyhole 
welding of dissimilar austenitic-martensitic stainless steel. The HAZ of martensitic 
had the highest microhardness value for all the investigated incident laser beam 
positions [8].  
 
The transition of the laser welding mode from conduction to keyhole welding via 
increasing the laser mean power significantly affects the fusion zone size in view 
of that the dilution between two base metals strongly depends on the laser welding 
mode. Moreover, the fusion zone has an asymmetric shape in dissimilar laser spot 
welding of steels having different thermal conductivities, as reported in [9] for 
welds of low carbon to austenitic stainless steel sheets. The shape and size of the 
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welded spot depend not only on the laser energy, but also on the incident angle of 
laser beam in laser spot welding of stainless steel sheets [10]. 
 
The failure behavior of dissimilar Resistance Spot Welding (RSW) of low carbon 
steel and austenitic stainless steel was studied by Marashi et al. [11]. The 
relationship between the failure behavior of the RSWs and fusion zone 
characteristics was examined and it was found that the failure mode is controlled 
by the dilution between two base metals. 
 
Li and Fontana [12] investigated the CO2 laser welding of AISI 304L and AISI 
12L13 in butt joint configuration and found that the offset and the impingement 
angle of the laser beam are the two key parameters for controlling the melt ratio of 
the dissimilar materials. The strength of the laser welds was found to be higher 
than both the yield strength of AISI 304L and the rupture strength of AISI 12L13 
under the adopted test conditions. 
 
Ferritic/austenitic welded joints have better mechanical properties compared to 
base metals by the minimization of laser power and maximization of welding speed 
[13]. Beam incident angle is also found a key factor that determines the weld bead 
geometry and the local micro-hardness of the fusion zone varies due to fraction 
intermix of each base metal in ferritic-austenitic laser welding [14].  
 
The literature supports the fact that autogenous laser welding technique is suitable 
for producing weldable joints of dissimilar metals having considerable mechanical 
properties even if surface defects (micro-cracks) may appear on the seam. These 
defects are well-known in the practice and are supposed to grow up during the 
solidification process in zones where the mixing of the two metals with different 
chemical composition and thermal properties, is less homogeneous. The topic of 
welding dissimilar steels is not yet fully understood and needs for further 
improvements, especially for high energy density welding source (e.g. lasers). The 
key-factor is to understand how mixing two different materials could enhance the 
properties of the single base metals in a welded joint. 
 
Consequently, weld material, joint configuration, and welding parameters have 
significant effects on the weld seam characteristics, on the weld microstructure, on 
the presence of defects and on the effective mechanical properties of the whole 
joint.  
 
Therefore, this study is focused on: 
 Developing weld bead of martensitic AISI440C and ferritic AISI430F 
stainless steels without surface defects (e.g. micro-cracks).  
 Reducing the welding time from 0.8 s to 0.4 s by joining in a single pass and 
avoiding the necessity of post weld treatment. This second pass is used in 
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practice to release residual stresses from the seam and as a smoothing action 
which re-melts microdefects. 
 Analyzing the effects of laser welding parameters such as incidence angle 
and offset of the laser beam on the geometrical features of the weld i.e., on 
resistance length, width of martensitic and ferritic welded portions. This final 
task has the purpose to control the mixing ratio between the two dissimilar 
steels and relate it to the percentage of carbon in the melt pool. 
 
8.2 MATERIALS AND EXPERIMENTAL PROCEDURES 
 
8.2.1 Materials 
Experiments are performed in butt welding configuration to replicate the weld 
configuration of a pressure vessel (e.g. a fuel injector for automotive industry). The 
weld has to be leakproof, autogenous to obtain a constrained circular seam. 
 
In order to demonstrate the possible application of the research results in a practical 
industrial environment, two real axial-symmetric injector components are welded 
circularly to make a butt joint: the valve body is made of ferritic AISI430F (cold 
drawn, annealed and centerless ground) while the seat is made in martensitic 
AISI440C (pre-hardened and tempered) stainless steel. The selected materials are 
frequently used according to peculiar design criteria which impose high hardness 
for the nozzle seat and good resistance to corrosion for the valve body. Table 8.1 
reports the chemical composition of the used steels. 
 
Table 8.1: Average chemical composition of AISI 440C and AISI 430F steels. 
 %C %Mn %Si %Cr %S %Mo 
AISI 440C 0.95-1.2 1.00 1.00 16.0-18.0 max 0.03 0.6 
AISI 430F 0.12 1.25 1.00 16.0-18.0 min 0.15 0.75 
 
Results reported in the subsequent chapters can be adopted for all welds sharing the 
same geometrical melt pool profile with respect to the applied mechanical load. 
This can explained considering that the melt pool shape generated on real 
components does not change respect to those obtainable with standard specimens 
(according to ISO 11146:1999).   
 
Consequently joining these dissimilar stainless steels without defects is extremely 
desirable with the generation of welds which can fulfill both technical and 
economical aspects. The inside diameter of the outer shell and the outside diameter 
of the seat are machined to Ø7.500±0.025 mm and Ø7.458±0.015 mm respectively 
to have a clearance fit between them when the shells are assembled. 
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The geometrical features characterizing the weld seam profile are defined in fig. 
8.1: WM represents the weld width on the martensitic material while WF represents 
the one on the ferritic stainless steel. The required weld resistance of 3.8 kN is 
guaranteed by the length of the melt pool at the material interface, here defined as 
resistance length S, since the joint is supposed to fail under the action of shear 
stresses.  
 
 
Fig. 8.1: Draft of a typical cross section of the welded components: the weld seam 
joins the nozzle seat to the valve body. Weld bead profile and its geometrical 
features (WM: martensitic weld width, WF: ferritic weld width, S: resistance length) 
are magnified on the right. 
 
8.2.2 Experimental strategy 
Energy Density (ED) is frequently used, especially in continuous-wave laser 
processes, to incorporate the three main process variables and express the amount 
of energy flowing per unit area inside the material. ED can be calculated as 
follows: 
ܧܦ ൌ ௉௩∅ ሺܬ/݉݉ଶሻ             (1) 
where P is laser power (in W) describing the intensity of the laser-material 
interaction, v is welding speed (in mm/s) determining the irradiation time and Ø 
is the laser spot diameter (in mm) defining the area through which the energy 
flows into the material. In order to generate the required resistance length (as 
defined in fig. 8.1) S>300µm, empirical models can be adopted to preliminary 
select the process parameters [15]. In the present case the following combination 
of parameters was used to generate ED=40 J/mm2, according to the Eq. (1): laser 
power of 800 W, welding speed of 66 mm/s and spot diameter of 0.3 mm. 
  
However, experimental practice shows that welding with the selected ED at the 
interface of the two components with normal laser incidence induces micro-
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cracks on the seam, as shown in fig. 8.2.  Lower ED values do not guarantee the 
requested resistance length, while higher values increases the number of micro-
cracks on the seam. It is worth noting that, even if some micro-cracks are present, 
samples belong to the class 1 according to the ISO 13919-1:1996 standard and 
thus are accepted for the purpose [16]. 
 
 
Fig. 8.2: Dissimilar butt welded surface at the intersection of AISI 430F and AISI 
440C: x-axis is circular and set at the materials interface, y-axis is positive in the 
direction of AISI 430F. 
 
To avoid any presence of cracks, which mostly develop on the side of the 
martensitic steel, it is here hypothesized to change the position of the laser beam 
towards the ferritic steel, by offsetting the beam axis in respect to the interface of 
the two materials. 
 
This is done to compensate the difference in supplied energies between the two 
materials showing dissimilar absorption of the laser beam and different thermal 
conductivities. Nevertheless, increasing the beam offset (y in fig. 8.3) may result 
in resistance length under the design value with a consequent reduction in the 
mechanical strength. To avoid this limitation and, at the same time, to obtain a 
weld profile less prone to surface-cracking, the beam incidence angle θi (see fig. 
8.3) has to be varied as well. This results in the need of defining weld cross 
sectional geometries for each combination (y, θi) adopted.  
 
Inclining the laser beam has a further beneficial effect of increasing the irradiated 
area which becomes elliptical (increasing θi) with the longer axis disposed along 
y-direction. According to [17] this elongation of the irradiated area, allows for a 
reduction of the thermal gradient in y-direction which may contribute to a less 
severe thermal cycle on the extinction zones of the weld bead, where micro-
cracks usually appear.  
 
AISI 430F
AISI 440C
crack
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y
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Fig. 8.3: Cross-section of the joined components: welding configuration varies 
from the reference position (beam axis orthogonal to the surface, pointing the 
intersection of AISI 430F and AISI 440C) with the use of input parameters. 
 
According to Eq. (1) this effect is also combined with a loss of ED for two main 
reasons: increasing of the irradiated area (with respect to the circular laser spot 
obtainable with the beam axis orthogonal to the surface) and incident power loss 
due to reflection which increases with θi. This loss of energy density on the 
material may result in insufficient geometrical features of the weld profile, and 
has to be verified by cross-sectioning the welded specimens and further 
compensated by changing laser parameters.  
 
For each combination of (y, θi), the melting ratio between the two dissimilar 
steels is supposed to vary, thus influencing the micro-structural properties of the 
weld bead and the occurrence of surface cracking, as also supposed in [18]. The 
melting ratio can be defined by analyzing the cross section of the welds as the 
ratio between the areas of ferrite and martensite involved in the melt pool, as 
shown in following equation: 
ܯܴ ൌ ஺ಷ஺ಾ       (2) 
where MR is the melting ratio, AF is the area of ferrite, and AM is the area of 
martensite. In the perspective of surface cracks removal, a more favorable 
configuration provides larger ferritic area, resulting in higher melting ratio. This 
calculation implies the hypothesis of a homogeneous mixing of the two dissimilar 
steels in the melt pool, as more extensively discussed in section 8.3.4.  
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Positioning the focal point at the material interface, avoiding any possible 
misalignment, is extremely important for the described experimental setup. This is 
obtained by a specifically conceived sharp-pointed jig which is mounted on the 
optical head and allows for positioning by real contact the head at the materials 
interface at the exact focal distance.  
 
The same philosophy and the same welding setup can be adopted to vary the 
melting ratio in favour to a certain type of steel, for different welding designs, 
different materials and different dimensions as well. 
 
8.2.3 Experimental procedures 
Specimens are clamped and centered in a chuck providing the rotational speed. 
They are then welded circularly in a butt joint configuration using a continuous 
wave Rofin fiber laser (maximum power 1 kW). The optical system consisted of a 
0.3 mm fiber and two lenses of 200 mm focal and collimates lengths which enable 
to deliver the laser with a minimum focal spot diameter of 0.3 mm. The technical 
details of the employed laser welding process are shown in table 8.2. 
 
Table 8.2: Technical specification of the laser welding process 
Laser source Fiber laser  
Laser power [W] 800 
Fiber diameter [mm] 0.3 
Collimating [mm] 200 
Focusing [mm] 200 
Welding speed [mm/s] 66 
Shielding gas type Argon 
Shielding gas flow rate [l/min] 6 
 
Table 8.3: Experimental conditions and response factors 
Process factors Tested values 
y-offset [µm] 0 100 200  
θi, incidence angle [°] 0 15 30 45 
Constant Factors 
Base material Outer shell (Valve body) AISI 430F 
Inner shell (Seat) AISI 440C 
Response Factors 
Weld bead 
characteristics 
Ferritic weld width (WF), 
Martensitic weld width (WM), 
Resistance length (S) 
 
During experimentation, y and θi are selected as process input variables for the 
laser welding. Table 8.3 shows the experimental conditions, laser welding input 
variables, and design levels used at a glance. The working range for the incident 
 134 
 
angle is brought to the upper limit of 45°, for which the highest reflection is 
expected, while only two steps are hypothesized for the y-offset to avoid 
incomplete melt of the martensitic steel. 
 
Argon is used as shielding gas with a constant flow rate of 6 l/min to protect weld 
surface from oxidation and suppresses the generation of plasma during welding. A 
standard washing procedure, which is practiced in the automotive industries, is 
followed to clean, cool and dry the specimens. 
 
8.2.4 Weld bead characterization 
After welding, seam cross-sections are prepared by cutting the samples axially 
using SampleMet II (Beuhler, IL) model abrasive cutter. The sectioned samples are 
mounted, polished, and chemically etched by immersion in Vilella reagent for 
microstructural characterization. Leica IM500 software, incorporated in an optical 
microscope (Leica MZ125) is used to measure resistance length, martensitic and 
ferritic weld width as well as the area of ferrite and martensite needed to calculate 
the melting ratio according to Eq. (2).  
 
 
Fig. 8.4: Cross-sections of welds in: (a) reference position y=0, θi=0°; (b) 
y=200µm, θi=0°; (c) y=0, θi=45°; (d) y=200µm, θi=45°. Cross-section (a) reports 
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the martensitic area AM inside the red-dashed contour and the ferritic area AF inside 
the blue dashed contour. 
 
Experiments are replicated six times for each welding combination (y, θi) to 
produce three specimens to be cut for metallographic analysis and three for the 
mechanical characterization of the weld (see section 8.2.5). Fig. 8.4 reports the 
typical cross section at the reference position and at the extreme values of the 
parameters tested range. The mean value of each measured response parameter is 
determined and recorded for further analysis. Statistical accuracy is ensured taking 
into account data dispersion due to the measuring technique and process instability 
which is estimated around 10% with respect to the mean value, as reported in [14]. 
 
The guidance on quality levels for imperfections given in ISO 13919-1:1996 [16] is 
followed to ensure the desired weld quality in terms of surface cracking. At this 
point, each welded specimen is visually inspected using the optical microscope.  
Hermetic weld is ensured by performing leak test in vacuum for each of welded 
specimens. During leak test, nitrogen is inflated into the assembled part at a pulsed 
pressure in the range 1-15 MPa for the expected life cycles. This method also 
guarantees that the weld will not fail during its service life. In case of failure, the 
internal cracks generated during the welding process propagate up to the free 
surface and N2 leakage is detected by a loss of vacuum into the chamber. 
 
8.2.5 Push out tests 
Intuitively, strength measurement of a welded specimen depends on the whole 
weldment, including the weld, its surroundings and the rest of the specimen (base 
metal). Therefore, specimens with similar welds, but with different specimen sizes 
or weld locations, may yield different strength measurements [19]. For this reason, 
the only way include all the changes made in the laser set-up used for experiments 
in a reliable shear strength test of the obtained joints was to proceed to a push out 
test of the specimens on the 360°, at least in this preliminary phase of investigation. 
 
 
Fig. 8.5: (a) View of the experimental setup for the push-out test of the weld; (b) 
cross-sectional draft of the specimen. 
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All welding configurations were then tested to shear stresses under the action of a 
calibrated press exerting its load on a specifically conceived expeller. The 
photographic view in fig. 8.5 (a) shows the setup for the push out test in which the 
weld fails due to the disassembly forces acting on the bottom of the seat. The 
model for weld shear failure is sketched in fig. 8.5 (b): the draft shows the surfaces 
in contact during the test. The load of the press increases quasi-statically and the 
maximum value generating the collapse of the joint is recorded. 
 
8.3 RESULTS AND DISCUSSION 
The effects of individual process parameters (incidence angle and offset) on 
geometrical features of the weld cross-sections (resistance length, ferritic and 
martensitic width) and melting ratio are plotted and described in the following 
sections. Fig. 8.4 shows typical cross-sections and weld profiles in: (a) reference 
position, (b) the extreme value of the offset, (c) the extreme value of the incidence 
angle and (d) the extreme values of the incidence angle and the offset at the same 
time. It is possible to see that, according to the experimental strategy described in 
section 8.2.2, the control of the weld position by a proper selection of input 
parameters allows to vary the melting ratio in favor of martensite or ferrite.  
 
8.3.1 Visual inspection of weld quality 
The reference position welding configuration shows sporadic superficial defects 
whose dimensions can be considered acceptable according to ISO 13919-1 
standard (grade 1) [16]. Results of weld seams inspection are reported in table 8.4 
in function of the analyzed weld geometry configurations. 
  
Table 8.4: Incidence of surface micro-cracks on the weld seam in respect to the 
analyzed weld geometries 
Welding 
configuration 
Offset, y (µm) Incidence 
angle, θi (°) 
Surface cracks* 
1 0 0 1 
2 100 0 0 
3 200 0 0 
4 0 15 3 
5 100 15 0 
6 200 15 0 
7 0 30 3 
8 100 30 2 
9 200 30 0 
10 0 45 3 
11 100 45 3 
12 200 45 2 
* 0= No defects, 1= Exist but acceptable, 2-3 = Not acceptable. Values are 
attributed according to ISO 13919-1:1996 [16], after inspection on the three 
samples for each configuration. 
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Results (see Table 8.4) show that increasing the incident angle induces higher ISO 
13919 standard numbers [16], but increasing the offset decreases the number and 
dimensions of micro-cracks. This means that the presence of micro-cracks is 
mainly driven by the relative volume fraction of AISI440C and AISI 430F steels in 
the welds. Higher martensitic volume fraction induces higher susceptibility to 
surface crack formation (tens of microns length). In fact, micro-cracks are found to 
develop always on the boundary of the weld seam with AISI 440C.  
 
8.3.2 Resistance length, S 
In the reference position, S has obviously the highest value (670µm). The effects of 
incidence angle and offset on the mean value of resistance length are shown in fig. 
8.6. When the beam is perpendicular to the surface (θi=0°) offsetting its axis in y-
direction decreases resistance length up to the value of 460µm. For θi=15° the 
inclination is enough to compensate an offset of 100µm but not for the 200µm one 
which lowers S again to the value of 450µm.  
 
 
Fig. 8.6: Measurement of resistance length as a function of different offset position 
for different incident angles.  
 
When θi=30-45° an opposite trend can be noticed since S increases with increasing 
the offset: this is due to the combined effect of the input parameters which solve 
the insufficient penetration at the material interface noticeable in fig. 8.4c (S = 
270µm). It is worth noting that all the 30° samples have S-values higher than the 
limit one, while only the combination of y=0, θi=45° does not satisfy the 
requirement. 
 
Offset (µm)
0 100 200
200
300
400
500
600
700
800
0°
15°
30°
45°
R
es
ist
an
ce
 le
ng
th
, S
 (µ
m
)
 138 
 
8.3.3 Ferritic and martensitic width, WF WM 
In the reference position the width at the free surface is nearly the same for the two 
materials as it is possible to notice also in fig. 8.4(a). Melt pool width on the ferritic 
side is slightly smaller due to the higher thermal conductivity of AISI 430F respect 
to AISI 440C (25 and 15 Wm-1K-1, respectively): the energy density transferred to 
the material can be easier conducted away by the valve body component. This 
thermal loss makes heat conduction anisotropic in the present case. The effect of 
increasing the offset on the melt pool width on both sides (averaged values) is 
shown in fig. 8.7 for different incident angles. Increasing the offset obviously 
results in an almost linear increment of ferritic width for all the incident angles, 
conversely for the martensitic one. Increasing the incident angle has an opposite 
effect which compensates the asymmetry generated by the use of large values of 
the offset, as hypothesized in section 8.2.2.   
 
 
Fig. 8.7: Measurement of ferritic and martensitic widths for different offset 
position and different incident angles. 
 
The base metals microstructures are typically composed by a martensitic matrix 
with presence of primary and secondary Cr-carbides for the AISI 440C and a 
ferritic matrix with elongated MnS particles for AISI 430F steel.  
 
In all the produced samples the microstructure in the melting pool has a 
columnar/dendritic morphology, independently to the used geometric parameters. 
Fig. 8.8 (a) and (b) shows the typical microstructures observed in the transition 
zone between fusion and HAZ zones for AISI 440C and AISI 430F steels, 
respectively, and the predominance of columnar/dendritic morphologies is 
apparent. This is mainly due to the short weld time and the low thickness of welded 
areas that induce very high cooling rates.  
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Fig. 8.8: Typical microstructures of the interface between fusion zone and HAZ of 
(a) AISI 430F and (b) AISI 440C. 
 
However, the variability of geometric parameters is not enough to change the 
melting pool microstructure. Moreover, the presence of deleterious phases, such as 
delta ferrite is inhibited above all by the carbon content in the melting pool (see 
Section 8.3.5) that is always above 0.4 wt%. For this Carbon content the presence 
of delta ferrite is very unlikely [20].  
 
Fig. 8.9: Transition regions between weld and HAZ in the contact area showing the 
apparent different thinness of columnar structures in melting pool areas close to 
AISI 440 C and AISI 430F steels. 
 
Concerning the heat affected zones, the very high welding speed do not allow 
greatly microstructural changes with respect to the base metals, such as complete 
dissolution of primary carbides in AISI 440C or grain growth for AISI 430F. In 
fact, HAZ microstructures of both metals do not show remarkable differences with 
respect to the base metals. Heating and then cooling the AISI 440C steel produces 
a martensitic microstructure for any cooling rate, and the same behaviour has the 
ferritic AISI 430F steel.  The only visible difference of HAZ of the two metals is 
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related to their different extension, larger for AISI 440C than AISI 430F (about 300 
µm and 50 µm, respectively - see Fig. 8.4). This is mainly related to their different 
thermal conductivities. In fact, AISI 430F, that has higher thermal conductivity 
than AISI 440C, shows a smaller HAZ extension. The more efficient heat removal 
of the ferritic stainless steel produces also thinner column in the areas of the 
melting pool close to the base metals, than the AISI 440C side (as visible in fig. 
8.9). 
 
8.3.4 Melting Ratio, MR 
In the reference position the averaged melting ratio on the three weld specimens 
results MR= 0.8: this value is lower than one which theoretically represents a 
condition of symmetry respect to the interface between the two materials. Actually 
the ferritic area results smaller than the martensitic one for all the three samples 
tested in the same condition. This phenomenon can be traced back to the already 
mentioned higher thermal conductivity of AISI 430F which favors heat conduction 
away from the irradiated area. As a result the melt pool develops more on the AISI 
440C area and makes this material, which is also characterized by a much more 
brittle microstructure, more susceptible to cracking. Thus, it should be taken into 
account that even in a symmetric configuration, like the reference position, the 
weld pool develops in asymmetric way due to the different thermal properties of 
the two dissimilar metals.  The effects of the proposed welding strategy on the 
averaged melting ratio are shown in fig. 8.10. MR increases almost linearly with 
the offset for each incidence angle: it especially increases faster for 0° and 15° for 
which the percentage of melt ferrite more than doubles. For the higher values of θi 
the direction of the beam axis, pointing to the martensitic steel, compensates the 
effect of the offset and the rate of growth of the ferritic area is less severe.   
 
Fig. 8.10: Measurement of melting ratio as a function of different offset position 
for different incident angles. 
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Moreover, MR gives an indication of the carbon content of the fusion zone, where 
the chemical composition is the average between the two base steels weighted for 
their volume fraction. As reported in table 8.1, the other main elements 
(Chromium, Manganese and Silicon) concentrations are almost the same for the 
two welded steels, thus the properties of the melting pool is driven by the carbon 
content. Fig. 8.10 shows the calculated Carbon content in function of the Melting 
Ratio. It ranges between 0.4% and 1% for the highest and lowest measured MR 
values, respectively. This means that in all cases the fusion zone has a predominant 
martensitic microstructure, allowing high strength of the resistant length. 
 
The calculation is based on a complete homogenization approach, and then the 
carbon content in the melting pool is simply the average between that of two base 
metal steels weighted for their volume fractions. The hypothesis of complete 
mixing of the two steels, although it is not properly verified by experimental 
results, is based on literature works that model the melting zone formation [21-23]. 
It is well verified by theoretical and experimental works that the melting process is 
associated with the formation of convective flows [21, 22] (especially Marangoni 
flows). In case of weld of different steels, this induces a chemical composition 
homogenization of the melting pool volume. For example, the work of Mai and 
Spowage [4] shows that the laser welding of Cu and SS components induce a 
melting pool with a chemical composition that is roughly the average between 
those two metals. Thus, the hypothesis of complete mixing is experimentally 
verified for heavy elements such as Iron or Copper. In the present case, the 
chemical composition of the two dissimilar steels is very similar (they have almost 
the same content of Cr, Mn, Si and Mo) and the complete homogenization during 
the laser welding process is mainly driven by Carbon, whose diffusion coefficient 
is much higher than the other mentioned heavier elements. As a result, an even 
better homogenization than that achieved in the Mai and Spowage [4] work could 
be expected.  
 
Obviously, some non homogeneity could be present, especially in the regions close 
to the HAZ, but their effects on welds properties are proportional to their 
extensions, thus almost negligible with respect to the melting pool volume. 
 
8.3.5 Mechanical characterization 
The values of the resistance force, averaged for the three tested samples, are 
reported in table 8.5 along with all the other investigated parameters (S, MR, 
Cracks grade). All failure data reported in table 8.5 (under the column “Resistance 
force”) are related to a brittle fracture of the weld. The applied load increases 
quasi-statically with increasing the application time up to the moment in which the 
fracture propagates drastically over the 360° detaching the two components. 
 
The highest resistance force is obtained welding in the reference position: this is 
due to the highest value of the resistance length within the tested range. 
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Nevertheless a secondary influence on resistance force can be also noticed 
referring to those configurations having a nearly same resistance length but 
different melting ratio.  
 
Table 8.5: Summary of results of investigated parameters. 
Welding 
configuration
Averaged 
melting 
ratio, MR 
(a.u.) 
Carbon 
in 
melting 
pool (%) 
Averaged 
resistance 
length, S 
(µm) 
Surface 
cracks* 
Resistance 
Force (N) 
1 0.8 0.66 760 1 4900 
2 2.0 0.45 695 0 4380 
3 2.7 0.38 465 0 4180 
4 0.5 0.77 535 3 3825 
5 1.6 0.49 610 0 4200 
6 2.2 0,43 450 0 4020 
7 0.3 0.87 480 3 3550 
8 0.6 0.73 550 2 3940 
9 1.5 0.51 590 0 4540 
10 0.1 1.01 280 3 2710 
11 0.3 0.87 415 3 3650 
12 0.6 0.73 455 2 4090 
* 0= No defects, 1= Exist but acceptable, 2-3 = Not acceptable. Values are 
attributed according to ISO 13919-1:1996 [16], after inspection on the three 
samples for each configuration. 
 
Welding configurations number 3 and 6 (see Table 8.5) have MR of 2.7 and 2.2 
respectively and a resistance length of about 450-460 µm. Welding configuration 
number 7 and 12 (obtained with large incidence angle θi) have a similar resistance 
length (450-480 µm) obtained with an opposite melting ratio (0.3 and 0.6 
respectively). Considering the criterion of the maximum resistance length at the 
material interface those configurations should break under a similar load. 
Conversely, table 8.5 shows that configurations 3 and 6 result in a sensible higher 
resistance force in respect to 7 and 12 in which the percentage of martensitic 
material in the melt pool is higher.  
 
With respect to the reference position, shifting the laser axis of the ferritic side 
generates a mixing in the melt pool which favors the strength of the welded joint. 
Welds obtained with high incidence angle (MR=0.3-0.6) are under the limiting 
design value of 3.8 kN even if the resistance length is higher than 300 µm. 
 
These observations seem in contrast with the idea that the resistant force is driven 
by the product of the resistance length and its mechanical strength (that in turn is 
related to the weld carbon content, and thus to the melting ratio). On the contrary, 
low MR configurations, that induce large volume fraction of AISI 440C martensitic 
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steel in weld and thus high carbon martensite in the melt pool, have lower 
resistance strengths than high MR ones. This means that the prevailing effect is the 
increased brittleness of the weld with increasing its carbon content. In fact high 
carbon martensites in the melt pool increase the crack susceptibility and lower the 
final resistance force. 
 
Summarizing the results of surface cracking analysis, of the measured resistance 
length of the melt pool at the interface and the maximum load that the weld can 
bear, the experimental findings suggest the use of configurations generating MR  
1.5. In fact, this value is able, at the same time, (i) to create a crack-free surface 
(grade 0 according to ISO 13919-1 standard), (ii) to give enough strength to the 
weld (higher than 3800 N) and (iii) to have a good resistant length higher than 300 
µm. From fig. 8.11 it is possible to note that the critical value of MR = 1.5 is 
related to critical carbon content in melting pool of about 0.5 %. 
 
Fig. 8.11: Carbon content of the fusion zone calculated from the measured MR 
values. 
 
An attempt has been made to predict the resistance force on the basis of the 
resistance length (S) and the carbon content in the melting pool (%C0.5). A linear 
regression analysis has been used using three parameters: S, %C0.5 and their 
product. As it is visible in fig. 8.12 there is a very good correlation between the 
calculated and the measured resistance force. The scarce number of experimental 
data leaves this analysis only to a trial step. More data will allow in future for a 
better determination of empirical regression formula. 
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Fig. 8.12: Comparison between the measured resistance force and the calculated 
one using a linear regression analysis. The red line is the bisector line, used as a 
guide for the eyes. 
 
The most critical point for crack initiation is related to the weld overlap, obtained 
in conditions of power ramp-down (from 800 W to 0 W). This overlap is needed to 
make the weld hermetic and closes the seam over its starting point. The thermal 
front generated by the laser action is supposed to transport heavy components up to 
the point in which the power comes back to zero. 
 
8.4 CONCLUSIONS 
Ferritic AISI 430F and martensitic AISI 440C stainless steels have been laser 
welded varying the geometric configuration in order to achieve better weld 
properties and a shorter welding time. The effects of different combination of 
incident angles and offsets have been studied analyzing the following parameters: 
melting ratio, resistance length, surface cracks presence and dimensions, resistance 
force of the welds. In order to respect the component requirements, a minimum 
resistance length of 300 µm and a minimum resistance force of 3800 N have to be 
guaranteed along with a crack-free surface. 
 
From the collected results, the following conclusions can be drawn: 
 The presence of surface cracks is more relevant by increasing the incident 
angle, although some mitigation could be performed by increasing, at the 
same time, the offset value. 
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 The melting ratio increases by increasing the offset value and for the same 
offset decreases by increasing the incident angle. MR is a good indication 
of the carbon content on the fusion zone that in turn governs its mechanical 
properties. 
 The resistance force is related not only to the resistance length but also to 
the mechanical properties of fusion zone (strength, brittleness), i.e. to the 
melting ratio. It must be noticed that with the mechanical characterization 
reported in the article it is not possible to derive information about the 
toughness of the weld seam in terms of specific energy (J/mm3) as in a 
common stress-strain diagram. 
 MR values higher than 1.5 allow the formation of welds with all the 
parameters above the minimum requested values: resistance length higher 
than 300 µm, crack-free surfaces, and resistance force higher than 3800 N. 
This critical value is related to carbon content in the fusion zone of about 
0.5%. 
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CHAPTER 9 
GENERAL CONCLUSIONS AND SCOPE FOR FUTURE 
WORK 
 
 
9.1 GENERAL CONCLUSIONS 
Two laser based techniques for micro-drilling of Gasoline Direct Injection (GDI) 
nozzles as alternative to conventional micro-Electrical Discharge Machining (µ-
EDM) have been studied and analyzed. The laser based techniques have been 
compared from the point of view of surface morphology, roughness, edge 
sharpness, energy, and change in microstructure point of view. In order to 
characterize the generated inner surface and edge profile a specifically conceived 
scanning probe microscope have been developed. In addition to that a drilling 
strategy has been developed for surface structuring of micro-holes by using fs laser 
in stainless steel. Based on the obtained experimental results and discussions, some 
general conclusions can be drawn as follows. 
 
 A scanning probe microscope named SHFM, is a powerful tool for surface 
characterization, roughness investigation of complex shape surfaces and 
for metrological characterization of the hole edge. 
 Topography maps are obtained by true non-contact operation and in the 
absence of the technical limitations and artifacts which could be found 
when using conventional AFMs for analysing machined surfaces. 
 Concerning the conventional µ-EDM technique deep and wide craters 
generated by high pulse energy can be smoothed by final refining phase at 
low spark energy resulting in an average peak-to-valley distance of 230 nm 
with a periodicity of 8-9 µm. 
 Surface roughness, generated by optimized energy condition of µ-EDM is 
decreased of about 32% with respect to the conventional production 
process condition, maintaining the same process time of 12 s. 
 Ultrashort pulsed laser ablation generates the smoother internal surface 
with a surface roughness, averaged Rq of 90 nm in shortest processing 
times of only 2.5 s compared to other drilling techniques.  
 Laser Micro-Jet is the technique that induces the thicker recast and heat 
affected layers. The recast layer visible in µ-EDM samples is limited to the 
crater thickness (1-2 µm), while fs-laser samples do not present 
microstructural modification in the base material. 
  fs- laser drilling is the best technique that produces the most controlled 
edge profile. Edge radius produced by µ-EDM methods ranges between 1.2 
to 4 µm. Edge profiles of LMJ samples are affected by the presence of 
protrusions, making the designed geometry difficult to be controlled and 
reproduced.  
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 Laser ablated surfaces are characterized by LIPSS which depend on the 
drilling strategy and laser setup adopted.  
  A three-step method for fs pulsed laser drilling cylindrical spray holes 
have been proposed with the aim of generating self-organized rippled 
patterns. 
 High speed camera imaging of the spray generation showed droplet size is 
reduced about 10% respect to laser trepanned holes.  
 Spray cone angle is increased of more than 20% for the proposed drilling 
technique.  
 Cross sectional inspection of the obtained spray holes by fs laser drilling 
has been used for 50 hour in a GDI test engine revealed that coking is not 
covering the entire wall as for µ-EDM. 
 From multi-objective point of view pure laser drilling is the most flexible 
technique that consumes the least amount of energy among the compared 
drilling techniques. 
 
Finally, laser beam welding of the valve body made of ferritic AISI430F and the 
seat containing the nozzles made of martensitic AISI440C stainless steel has also 
been studied. Based on the collected results, the following conclusions can be 
drawn. 
 
 The effects of different combination of incident angles and offsets have 
been studied analyzing the parameters like melting ratio, resistance length, 
resistance force of the welds. 
 Melting ratio is a good indication of the carbon content on the fusion zone 
that in turn governs its mechanical properties. 
 The resistance force is related not only to the resistance length but also to 
the mechanical properties of fusion zone (strength, brittleness), i.e. to the 
melting ratio. 
 
9.2 SCOPE FOR FUTURE WORK 
 These studies could be extended to optimize the process parameters of 
ultrashort pulsed laser drilling using structured Design of Experiment 
(DOE). Response Surface Methodology (RSM) could be used to 
mathematically link the parameters determining the pure laser ablation 
input parameters like pulse energy, repetition rate, rotational speed with 
response factors like surface roughness, edge sharpness, energy 
consumption. 
 A detailed comparative analysis from energy perspective between µ-EDM 
and laser drilling could be performed considering the total energy 
consumption by µ-EDM and ultrashort pulsed drilling machine.  
 
